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Understanding how enzymes access, transform or degrade a nucleic acid 
nanostructure is an essential step for the progress of functional DNA nanotechnology.  
Most approaches for the analysis of nucleic acids require enzymatic reactions. 
For instance sequencing-by-synthesis of confined DNA molecules is a most 
established approach for the analysis of the entire genomic information in living 
organisms. Little is known however about the physical factors that regulate enzymes 
functions in highly confined systems.  
In this doctoral thesis, I have investigated the activity of type II restriction 
enzymes (REs) on basic, two-dimensional DNA nanostructures (DNA origami, i.e. 
triangles and rectangles) that are formed upon the spontaneous hybridization of many 
single stranded (ss)DNA molecules over the 7,249-nt-long M13mp18 ssDNA phage 
genome that serves as scaffold for the inherent DNA self-assembly process. 
The primary action of REs is DNA fragmentation, and they are a primary 
defensive mechanism to viral infection in bacteria. Type II REs have an exquisite ability 
to specifically recognize dsDNA binding sites (termed restriction sites) and irreversibly 
cleave the inherent DNA molecules within the sites. They are in addition essential tools 
for DNA cloning in current bioengineering and biotechnology applications. On the other 
hand, the M13mp18 scaffold naturally possesses a number of restriction sites for each 
of several, known restriction enzymes. In addition, DNA origami are comprised of 
different structural motifs that are responsible for molecular confinement of the involved 
DNA molecules and the peculiar mechanical properties of the shape. 
My work primarily consists of an unprecedented investigation of the action of >10 
type II restriction enzymes on two-dimensional (2D) DNA origami. For two enzymes in 
particular (HhaI and Hin1II) we fully mapped the site-specific action by activating one 
site at a time (by generating DNA origami mutants), and measuring the fragmentation 
pattern of the DNA scaffold by gel electrophoresis, after melting the DNA 
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nanostructure. With such mutational analysis of 2D DNA origami we found that (a) 
restriction reactions can be efficiently inhibited in 2D DNA origami, while similar 
inhibition cannot be achieved with the corresponding unfolded dsDNA scaffold (as 
expected). We argue that the observed behaviour of dense nucleic acid architectures 
naturally emerges as a result of reduction in spatial degrees of freedom near restriction 
sites, which can be controlled through small changes to the degree of mechanical 
stress (e.g. torsion) near the sites. (b) In 2D DNA origami, the action of REs on a site 
can be predicted from the structure of the three 16 bp-long adjacent dsDNA segments, 
with the site located in the central one (16 bp is the distance between two consecutive 
crossovers that join the dsDNA segments). Specifically, a site can be cleaved only if (c) 
it is located ≥4 bp from a crossover junction, and (d) near the site, each of the adjacent 
dsDNA segments presents a nick in one of the two strands that form the duplex.  
This quantitative study reveals therefore that restriction enzyme action can be 
digitally controlled with the closest neighbouring 2D DNA structural pattern surrounding 
a restriction site. These unprecedented results also suggest how to design functional 
nucleic acid nanostructures, with important implications for the implementation of 










La comprensione di come gli enzimi accedano, trasformino o degradino le 
nanostrutture formate da un acidi nucleici è un passo essenziale per il progresso delle 
possibili funzionalità implementabili con le nanotecnologie di DNA . 
La maggior parte dei metodi per l'analisi di acidi nucleici richiedono reazioni 
enzimatiche. Per esempio il sequenziamento per sintesi di molecole di DNA confinate 
è un approccio affermato per l'analisi dell'informazione genetica presente negli 
organismi viventi. Poco si sa invece sui fattori fisici che regolano le funzioni degli 
enzimi in sistemi in cui le molecole sono altamente confinate. 
In questa tesi di dottorato, ho studiato l'attività di enzimi di restrizione (ER) di tipo 
II su nanostrutture di DNA bidimensionali (cioè DNA origami di forma triangolare e 
rettangolare) che si formano mediante l’ibridazione spontanea di molte molecole di 
DNA a singolo filamento (ss) e il ssDNA genomico del fago M13, lungo 7249 nt 
(M13mp18) che funge da impalcatura per il processo di auto-assemblaggio dello 
stesso DNA. 
Gli ER di tipo II hanno la capacità di riconoscere specificamente un sito di 
legame a doppio filamento (ds)DNA (chiamati siti di restrizione) e irreversibilmente 
tagliare le molecole di DNA all’interno dello stesso. Attualmente, gli ER sono strumenti 
essenziali per la clonazione del DNA  in applicazioni di bioingegneria e biotecnologia. 
D'altra parte, il DNA impalcatura di M13mp18 possiede naturalmente un certo numero 
di siti per ciascuno dei diversi ER noti. I DNA origami sono costituiti da diversi motivi 
strutturali che sono responsabili per il confinamento delle molecole di DNA coinvolte 
nella struttura, oltre a ciò, possiedono peculiari proprietà meccaniche che dipendono 
dalla forma del DNA origami. 
Il mio lavoro di tesi consiste principalmente nell’indagine senza precedenti 
dell'azione di più di 10 ER di tipo II su DNA origami bidimensionali (2D). Per due enzimi 
in particolare (HhaI e Hin1II) abbiamo completamente mappato l'azione sito-specifica, 
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generando mutanti di DNA origami, che dopo il trattamento con l’enzima sono stati 
denaturati e la frammentazione del DNA impalcatura è stata analizzata mediante 
elettroforesi su gel. Con tale analisi mutazionale di DNA origami 2D abbiamo trovato 
che (a) le reazioni di frammentazione possono essere inibite in modo efficiente con i 
DNA origami 2D, mentre tale inibizione non può essere raggiunta con il corrispondente 
scaffold dsDNA non nanostrutturato (come previsto). Sosteniamo che il 
comportamento osservato nelle architetture di acido nucleico ad alto confinamento 
molecolare emerge naturalmente come risultato della riduzione dei gradi di libertà 
spaziale vicino ai siti di restrizione, che anche possono essere controllati attraverso 
piccole modifiche al grado di stress meccanico (ad esempio torsione) vicino ai siti. (b) 
Nei DNA origami 2D, l'azione dei ER su un sito può essere prevista dalla struttura dei 
tre segmenti di dsDNA, lunghi 16 nt, con il sito nel segmento centrale (16 nt è la 
distanza tra due giunzioni crossover consecutive che uniscono i segmenti di dsDNA). 
In particolare, un sito può essere scisso solo se (c) si trova ≥4 nt da un crossover, e (d) 
vicino al sito, ciascuno dei segmenti adiacenti dsDNA presenta un nick in uno dei due 
filamenti che lo formano.  
Questo studio quantitativo rivela quindi che l'azione degli ER può essere 
controllata in modo digitale tramite il pattern strutturale 2D del DNA presente nell’area 
vicina e circostante al sito di restrizione. Questi risultati senza precedenti suggeriscono 
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Chapter 1 – Introduction, motivations and 





The facile self-assembly and nanomanipulation of nucleic acids hold great promise in 
the design of innovative, programmable materials, with applications ranging from 
biosensing to cellular targeting and drug delivery. Little is known, however, of the 
effects of confinement on biochemical reactions within such systems, in which the level 
of packing and crowding is similar to that of intracellular environments. In this chapter 
we outline novel, unexpected properties of nucleic acids that arise from nanoscale 
confinement, as mainly revealed by atomic force and electron microscopy, 
electrochemistry, fluorescence spectroscopy, and gel electrophoresis. We review 
selected scientific studies over the last decade that describe the novel behavior of 
nanoconfined nucleic acids with respect to hybridization, denaturation, conformation, 
stability, and enzyme accessibility. The nanoscale systems discussed include self-
assembled, water-soluble, DNA or RNA nanostructures, ranging in width from a few to 
several tens of nm; gold nanoparticles coated with DNA monolayers; and self-
assembled monolayers of DNA, from a few to several hundreds of bp in length. These 
studies reveal that the functionality of nucleic acid-based nanosystems is highly 
dependent upon the local density, molecular flexibility and network of weak interactions 
between adjacent molecules. These factors significantly affect steric hindrance, 
molecular crowding and hydration, which in turn control nucleic acid hybridization, 
denaturation, conformation, and enzyme accessibility. The findings discussed in this 
chapter demonstrate that nucleic acids function in a qualitatively different manner 
within nanostructured systems, and suggest that these novel properties, if better 
understood, can enable the development of powerful molecular tools for application in 
the life sciences and in particular in nanomedicine.  
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1.1 Effects of nanocale confinement on the functionality of 
nucleic acids: implications for nanomedicine – an overview 
In addition to their essential biological functions, nucleic acids are promising 
building blocks for artificial nanostructured systems that have a potentially broad range 
of applications, from biology and medicine [1–4] to information technology [5–8] (see 
Figure 1.1). Nucleic acid-based molecular nanoengineering has experienced a rapid 
development, as it takes advantage of the inherent capacity of nucleic acids to self-
assemble by Watson-Crick base pairing. Moreover, progress has been ably supported 
by the commercial availability of custom DNA and RNA molecules with a broad range 
of modifications, as well as diverse enzymes that can recognize, process or otherwise 
modify nucleic acids with high efficiency and selectivity.  
The hybridization of short DNA sequences in solution allows formation of diverse 
structural motifs of several nanometers in width, such as double-helical and single-
helical regions, sticky ends, hairpin loops, bulge loops, junctions, and crossovers [9]. 
With the aid of computer design, the assembly can be scaled up to form structures 
from a few to several hundreds of nanometers in width [9–12] (see Figure 1.2). 
Furthermore, relatively short single stranded (ss)DNAs can be efficiently conjugated to 
enzymes, proteins, antibodies and other biomolecules via click chemistry [3], and 
utilized to extend the functionality of nucleic acid arrays by linking the conjugates via 
hybridization of the complementary ssDNA strands (also termed DNA-directed 
immobilization) [3,13]. The DNA-probe conjugates in most cases are formed using 
commercially available ssDNA that is chemically modified with biotin, thiol or amine 
groups with standard procedures, and retain full functionality [14–17]. 
A novel approach to the design of water-soluble, dense DNA nanostructures 
(also termed “DNA origami”) was described by Rothemund in 2006, who created planar 
structures that are formed via Watson-Crick hybridization of several, short ssDNA 
sequences (also termed “staples”) with a long circular ssDNA molecule (the “scaffold”) 
[10]. The ssDNA scaffold, thermally treated in the presence of a large excess of staples, 
provides reproducible formation of different shapes (“DNA origami”). Since then, 
several studies demonstrated the functionalization of DNA origami with different 
probes, including aptamers, DNA, proteins, gold nanoparticles [18–21], as well as 
antibodies for immunodetection capability [17]. 
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Figure 1.1. DNA nanotechnology has demonstrated that artificial nanostructured systems 
based on the inherent capacity of nucleic acids to self-associate have a potentially broad range 
of applications in several emerging research areas such as biomaterial science, nanomedicine, 
nanorobotics and molecular computation (adapted from [22]). 
In most of these cases, the probes are linked to selected staples after their 
incorporation within the scaffold-staples-based nanostructure, formed during a single-
step self-assembly process [14]. DNA-based nanochips can be created and used in 
biosensing, in particular in combination with atomic force microscopy (AFM) [2,21]. Using 
this approach Lindsay and co-workers produced an RNA detector, potentially 
applicable to analysis at the single-cell level [2] (see Figure 1.3).  
DNA self-assembly allows the precise spatial positioning of fluorescent labels, 
generating materials with exquisite optical properties [23,24]. For example, Niemeyer and 
co-workers reported on the DNA-directed assembly of supramolecular Forster 
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Resonance Energy Transfer (FRET) systems, based on a few ssDNA staples (i.e. 
without a scaffold), and comprised of fluorescent proteins connected to a synthetic 
chromophore by a position-specific DNA linkage [25]. Tinnefeld and co-workers used a 
two-dimensional DNA origami as a molecular “breadboard” to allow the precise and 
programmable arrangement of fluorophores in a grid-like fashion by self-assembly 
[26,27]. They demonstrated that the 2D arrangement of fluorophores allows alternative 
energy-transfer pathways that is dependent upon incorporation of a “jumper” dye at 
specific positions [27]. 
 
Figure 1.2. Timeline of the major achievements in DNA nanotechnology. With the aid of 
computer design, the assembly can be scaled up to form structures from a few to several 
hundreds of nanometers in width (adapted from reference [22]). 
Nucleic acid self-assembly opens up the prospect of nanomachines that are able 
to control their shapes and perform operations in a programmable manner [28,29]. This 
has provided the basis for development of novel carriers for the delivery and release of 
drugs in a cell-specific manner  [17,30–33]. Such highly functional nanostructures are 
prime candidates for developing innovative nanomachines, composed of biocompatible 
materials, and capable of delivering and releasing nucleic acid-based drugs.  
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Figure 1.3. DNA origami as nanoarrays for biodetection. (a) Schematic representation of DNA 
origami structure as a DNA-based nanochip for RNA detection. The strands that protrude from 
the structure core and correspond to three different target probes (Rag-1, C-myc, β-actin) and a 
control probe. Six dumbbell-shaped bulge loops are used as index spots. Scaffold and 
unmodified staple strands are grey. (b) Scheme for using the DNA-based nanochip to detect 
RNA. The DNA origami with specific probe is self-assembled and incubated with the target in 
solution, then placed on a mica surface for AFM imaging. (c) Probe design and detection 
mechanism. Two adjacent staple strands extend from the core structure of the DNA origami, 
each of which have a half of the probe sequence, respectively. The single-stranded probes are 
not visible by AFM, due to their flexibility. Following incubation with the target, the half-probes 
hybridize with the target, forming stiffer double helical structures detectable by AFM. (d) 
Titration of DNA origami probes against the target concentration (Rag-1). Here is shown the plot 
of hybridization efficiency versus the [target/probe] ratio. The detection is limited only by the 
concentration of the DNA origami probe: 10 nM (squares) and 200 pM (triangles). Each error 
bar is the SD calculated from fifty analyzed DNA origami probes. Adapted and reprinted with 
permission from [2]. Copyright © (2008) American Association for Advancement of the Science. 
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Obviously, concerns about biostability [34–36] and biocompatibility must be 
addressed, as nucleic acid-based nanotechnology is still in its infancy [33,37,38]. For 
instance, Meldrum, Yan and co-workers demonstrated that DNA origami displays 
enhanced resistance to enzymatic digestion in complex biological mixtures, including 
cell lysates, and applying a range of incubation times, temperatures and concentrations 
with respect to the unfolded scaffolds [37] (see Figure 1.4). The authors explain that the 
enhanced resistance is due to the high charge density and molecular rigidity of the 
assemblies, which hinders nuclease access and engagement. Very recently, DNA 
assembly was used to design biocompatible carriers that could deliver a siRNA 
molecule into a xenografted tumour, with a nearly four-fold increase in siRNA half-life 
[39]. Also, DNA origami containing intercalated doxorubicin molecules allowed 
increased doxorubicin internalization in cultured cells, and a strong reversal of drug 
resistance in doxorubicin resistant cancer cells [33]. 
We believe that the application of nucleic acid-based nanodevices will greatly 
benefit from a full understanding of the factors that influence nucleic acid function, 
reflecting the unique nanoscale environment. Little is known about the effects of 
crowding, steric hindrance, surface interactions, and molecular order/disorder, which 
could create unanticipated behaviors, but which also may be exploited to achieve novel 
functionalities [40–43]. In living cells, nuclear crowding and DNA packing are crucial in 
the cell cycle and cell differentiation. In vitro studies demonstrated that crowding shifts 
binding reactions towards bound states because of the excluded volume induced by 
co-solutes [44]. This was confirmed in living cells by Bancaud et al. [44] who described 
crowding as a driving force to maintain functional nuclear compartments at a low 
cellular energy cost, i.e. without requiring membranes or other additional structural 
boundaries be involved. DNA packaging is also essential in viral reproductive cycles 
[45]. Bustamante and coworkers studied viral genome packaging, as catalyzed by the 
DNA packaging motor of Bacillus subtilis phage ϕ29, and showed that it is able to 
generate the high force needed to pack the 6.6-µm long (19.3 kbp), double-stranded 
DNA into a 42×54 nm2 capsid in about 5.5 minutes, reaching near-crystalline density. 
Also, they demonstrated that the ϕ29 molecular motor is among the strongest known, 
as it is able to generate a force of 57 pN during DNA packaging and eventually 
produce an intra-capsid pressure of about 60 atm [46,47]. Such a high pressure likely 
enables efficient DNA injection into the host cell [45].  
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Figure 1.4. Stability of DNA origami nanoarrays in cell lysates. (a) Different DNA origami 
nanostructures are incubated in cell lysates, then analyzed by gel electrophoresis and by AFM 
to test their stabilities in complex biological mixtures. (b) A rectangular DNA origami 
nanostructure, bearing on one face 20 copies of 40-nucleotide, single-stranded DNA probe 
complementary to a region of human β-actin gene, is combined with a HeLa cell lysate, then 
analyzed by agarose gel electrophoresis. The results indicate that the nanostructures are 
substantially intact after incubation in lysates from 5×103 or 104 cells for 1h (lanes 2, and 3 
respectively), and even after 12h (lanes 5 and 6, respectively). Controls are shown in lane 4 
(cell lysate only), and lane 5 (10 nM DNA origami nanostructure). (c-f) Topographic AFM 
imaging allows detection of hybridization of probe-bearing DNA origami nanostructure as a 
localized height increase on a mica surface, after recovery from the gel. (c) Outcome of 
incubation of a control DNA origami nanostructure with a synthetic RNA target. The topographic 
micrographs (scale bar, 300 nm) in (d) (e), and (f) reveal the topographic change following 
successful hybridization with synthetic, fragmentized total cellular, and total cellular RNA 
targets, respectively (top-right insets are 250×250 nm2). A “brighter is higher” grey scale is used 
for the AFM topographic micrograph. Adapted and reprinted with permission from [37]. Copyright 
© (2011) American Chemical Society. 
In this chapter, that was adapted from a review I co-authored and that was 
published in Current Medical Chemistry (2013) with title “Effects of nanoscale 
confinement on the functionality of nucleic acids: implications for nanomedicine, we 
examine recent studies that address the novel functionality of nucleic acids in highly 
dense, self-assembled nanostructures. The scope is to address a few cases where the 
analysis of effects of confinement and crowding on biomolecular function have 
provided new insight on molecular processes, and how they may aid the development 
of future nanobiotechnologies. 
		 9 
1.2 Nucleic acid hybridization and dissociation in nanoscale-
confined systems 
DNA self-assembly permits the generation of highly dense nanostructures 
comprised of oligonucleotides exhibiting controlled molecular orientations. The close-
packing of the molecules in this environment can strongly influence functionality. 
Understanding the processes associated with the subsequent addition or removal of 
molecular elements is a prerequisite for ensuring optimal function of the nanostructures 
and their interaction with external agents. In a recent study, Pinheiro et al. [48] used a 
water-soluble DNA nanostructure, based on 20-nt single-stranded DNA molecules, to 
analyze the effect of steric crowding on DNA hybridization kinetics. The DNA 
nanostructure consisted of six parallel double helices, joined by fourteen single-
stranded oligonucleotides that cross over from one helix to an adjacent helix, thus 
providing a planar, rectangular-shaped tile (16 nm long and 14 nm wide) (See Figure 
1.5). The six-helix tile has 20-nucleotide-long extensions that generate adjacent single-
stranded overhangs. One of the six overhangs is the target probe (TP), while the other 
overhangs are off-target probes (OTP). The target and off-target strands are fully 
complementary to target- and off-target probes, respectively. For all experiments, only 
one of the selected helices displayed the TP overhang, while the remaining five helices 
were either blunt-ended or displayed the OTP overhang. This design provided precise 
control of the number of strands surrounding the hybridization site. In particular, the 
steric factors that were evaluated included (i) the position of the target probe relative to 
the tile; (ii) the presence/absence of DNA surrounding the hybridization site; and (iii) 
the formation of a double-helical secondary structure between the target probe and 
other components of the tile. 
The kinetics of hybridization of a target to the six-helix tile was studied by means 
of real-time fluorescence spectroscopy. For each TP, a reporter fluorophore (5-
carboxyfluorescein, FAM) was introduced at the interface between the core and the 
single-stranded TP. The authors found that duplex formation at the TP overhang 
caused enhanced FAM fluorescence. The proposed mechanism involves the newly 
formed double helix displacing the dye from its intercalated (stacked) state within the 
core of the tile structure. In fact, dye intercalation is likely to enhance photo-induced 
electron transfer, resulting in a low fluorescence quantum yield. 
More efficient hybridization occurs when the TP is surrounded by blunt-end 
chains, or when located at the outermost position (i.e. adjacent to only a single OTP). 
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Figure 1.5. The effect of steric crowding on the kinetics of DNA hybridization within a water-
soluble DNA nanostructure. (a) DNA nanostructure used to analyze the effect of steric crowding 
on DNA hybridization kinetics. The structure is a rectangular platform consisting of six parallel 
helices joined by fourteen single-stranded oligonucleotides, thus providing a planar tile, 16 nm 
long and 14 nm wide. The design provides three unique positions (A, B, C) with intrinsically 
different characteristics, that can be blunt ends, or functionalized with single- or double-stranded 
DNA. In the figure all helices are functionalized with a 20 nt extension of single-stranded DNA 
but only one (C) is as probe for a specific ssDNA sequence in solution. By positioning a 
fluorophore (5-carboxyfluorescein, FAM) at the edge of the tile in one of the three positions, it is 
possible to follow hybridization by time-correlated, single photon counting. In the absence of the 
target probe, the FAM is retained inside the core structure, where interaction with DNA at the 
base of the tail reduces the fluorescence decay time. The newly formed double helix displaces 
the dye from its intercalated (stacked) state, thereby enhancing the fluorescent signal. (b) By 
real-time fluorescence microscopy the reaction rate was evaluated as a function of hybridization 
rate constant for nine different crowding conditions, in which the target probe is in the A, B, or C 
position, and flanked by dsDNA, ssDNA or blunt ends. More efficient hybridization occurs when 
the TP is surrounded by blunt ends (“No neighbors” condition), or is located at the outermost 
position (Pos A). Furthermore, when the TP is located at inner positions (Pos B, Pos C) the 
hybridization kinetics do not significantly vary between “ssDNA neighbors” or “dsDNA 
neighbors” condition. Adapted and reprinted with permission from [48]. Copyright © 2012 
American Chemical Society. 
Furthermore, when the TP is located at inner positions, the hybridization kinetics are 
largely insensitive to whether the flanking OTPS are single- or double-stranded (see 
Figure 1.5). Additional experiments using a TP partially hybridized to an adjacent OTP 
showed that the hybridization rate dramatically decreases when the target probe 
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bends, rendering its end less accessible from solution. The authors suggest that the 
observed differences in kinetics are mainly due to differences in the frequency of 
productive collisions between target and probe, and that the slower hybridization 
kinetics therefore reflects a less efficient nucleation step. However, following 
nucleation, the spatial confinement does not significantly inhibit strand alignment and 
“zippering” of the remaining nucleotides to create the duplex structure [48]. In summary, 
the work of Pinheiro et al. has probed the role of molecular accessibility in highly dense 
DNA tiles using an unprecedented, quantitative approach. 
Bombelli et al. grafted hexagonal DNA nanostructures, comprised of short DNA 
sequences, on phospholipid membranes [49]. They showed that changing the grafting 
density could affect hybridization kinetics. Hybridization on phospholipid membranes 
grafted at low density was faster than in bulk, but was slower on densely grafted 
membranes, due to molecular crowding on the membranes. 
Other studies have addressed the effect of crowding on DNA hybridization on 
self-assembled monolayers on gold surfaces. Ricci and co-workers investigated the 
effect of molecular crowding on the response of an electrochemical DNA sensor [50]. 
They used an E-DNA probe, which is an electrochemical equivalent of a molecular 
beacon, for detecting the hybridization of oligonucleotides on surfaces. The E-DNA 
sensor was formed by a self-assembled monolayer (SAM) of a redox-modified, 27-nt 
stem-loop DNA that also carried a thiol, allowing covalent attachment to a gold surface 
that also functioned as the interrogating electrode. The electrode measures the faradic 
current that depends on the density and conformation of the stem-loop probe. The 
current is large when the stem-loop holds the redox moiety in close proximity to the 
electrode, but decreases upon target hybridization, which opens up the stem and 
moves the redox moiety away from the electrode surface. Because E-DNA signaling is 
dependent upon conformational changes in the stem-loop structure, it is also likely to 
be sensitive to the nature of the molecular packing on the electrode surface. By varying 
the concentration of the E-DNA probe during SAM formation, the authors were able to 
vary the density from 3.9×1010 to 2.1×1012 molecules/cm2. The authors investigated the 
faradic suppression upon hybridization as a function of probe density, and observed 
non–monotonic behavior. When the E-DNA SAM density is <1012 molecules/cm2, 
signal suppression decreases with a substantially monotonic behavior. This is 
consistent with previous observations of ssDNA SAM hybridization, which noted that 
hybridization efficiency is inversely proportional to the probe density on the capturing 
surface [51–53].  
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Figure 1.6. Packing-induced DNA denaturation within self-assembled monolayers. (a) Density 
of radiolabeled, thiolated DNA molecules adsorbed (from a 10 µM solution) on a gold surface as 
a function of adsorption time. Molecules in solution are either thiol-ssDNA or thiol-dsDNA. Solid 
triangles quantify the surface density (in molecules/mm2) of radiolabelled, thiolated strands 
comprised in a preformed duplex, while open triangles quantify the surface density of, 
radiolabelled, thiolated, single-stranded molecules. The solid triangles below 5.0×1010 
molecules/mm2 quantify the surface density of radiolabeled, non-thiolated strands comprised of 
a preformed duplex, while the open triangles below 5.0×1010 molecules/mm2 quantify the 
surface density of radiolabeled, non-thiolated strands (from a 10 µM solution) incorporated in a 
preformed ssDNA monolayer after in situ overnight hybridization. The data demonstrate that 
adsorbed duplexes undergo denaturation, likely due to close molecular packing. (b) Schematics 
of packing-induced denaturation. (c) Duplex denaturation on gold nanoparticles (GNP) as a 
function of the molar ratio. Solid squares quantify the denaturation of a 26 bp thio-DNAs on 
GNP with a 5 nm diameter, while solid triangles (relative to 26 bp thio-DNAs) and open circles 
(relative to 50 bp thio-DNAs) describe the phenomenon with GNP of 10 nm diameter. (d) 
Duplex denaturation on GNP as a function of DNA density, relative to the data shown in (a). The 
results demonstrate that denaturation is minimal for 50 bp thio-DNAs, and exclusively depends 
on surface density as schematically shown in (e). Denaturation is < 20% for DNA surface 
densities < 1×1013 molecules/cm2 and reaches 80% for densities > 4×1013 molecules/cm2. (a-b) 
Adapted and reprinted with permission from [54]. Copyright © (2008) American Chemical 
Society. (c-e) Adapted and reprinted with permission from [55]. Copyright © (2010) American 
Chemical Society. 
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For densities higher than 1012 molecules/cm2 (i.e. for mean probe-to-probe spatial 
separations less than 10 nm) Ricci and co-workers found the faradic suppression 
increases dramatically, reaching a saturation value of about 70% of the initial faradic 
current [50]. Under these conditions, however, the measured equilibration time is ~ 40 
min, which is 2- to 8-fold higher than the equilibration times measured with medium 
and low E-DNA densities, respectively.  
This result is consistent with the findings of Pinheiro and co-workers (see 
above)[48], wherein the bending of the E-DNA probe molecule leads to a reduction in 
nucleation capability of the initial probe-target interaction. The same study [50] also 
showed that by varying the AC voltage applied to the electrode that supports the E-
DNA SAM, the surface-bound probes oscillate within a self-assembled monolayer. The 
authors explain that the largest signal suppression observed for high-density sensors is 
presumably due to the fact that the densely packed probe layer prevents collisions 
after target hybridization, with the latter result in turn suggesting that densely-packed 
molecules spend more time in a vertical conformation. The above-described behavior 
of hybridization-induced suppression of the faradic current at low and medium E-DNA 
surface densities is largely consistent with independent observations that densely-
packed DNA SAMs exhibit a limited hybridization capability [51,53], which reaches >50% 
in ssDNA SAMs with densities ~ 2-3 ×1012 molecules/cm2.  
While it is likely that the surface collision rate decreases for hybridized probes, 
since hybridization efficiency depends on probe density in a monotonic manner, it is 
not clear why the measured faradic current suppression reaches 70% in a near step-
wise fashion. These observations suggest that for highly dense E-DNA SAMs, faradic 
current suppression reflects the intrinsic conformational structure of the E-DNA probe 
as a function of surface density. 
This interpretation is supported by the work of Peled and co-workers [54,55], who 
observed and quantified the crowding-induced dissociation of short (15 or 26 bp) 
thiolated DNA duplexes on gold surfaces. The authors also investigated DNA self-
assembly on flat gold surfaces [54] and on gold nanoparticles [55] (see Figure 1.6). The 
change in density of surface-bound ssDNA molecules involved in the self-assembly 
process was monitored using radiolabeled ssDNA molecules, followed by 
phosphorimaging. In contrast to other widely used approaches such as spectroscopy 
and electrochemistry, which are indirect and require nonroutine interpretation, the 
approach of Peled and co-workers allows direct measurement of the absolute density 
of surface-bound DNA strands. The use of radiolabeled, thiolated ssDNA allowed 
assessment of surface crowding, while, in parallel, the use of radiolabeled 
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complementary ssDNA allowed monitoring of duplex denaturation. In a second study, 
the same group measured duplex dissociation as a function of DNA density on gold 
nanoparticles [55].  The use of gold nanoparticles served to avoid nonhomogeneity in 
monolayer formation, which would occur on the flat surfaces used in the first study. As 
a consequence, the averaged molecular density may not accurately reflect the 
microscopic environment of individual DNA molecules. The results of the two studies, 
however, are consistent with each other. The denaturation of dsDNA on the surface is 
dependent upon formation of a dense layer (>1013 molecules/cm2), as it permits more 
thiolated DNA molecules to adsorb and additional gold-thiol bonds to be formed in the 
vacant spaces created upon double-strand dissociation (see Figure 1.6). Peled and 
coworkers proposed that the area occupied by ssDNA on the surface is smaller than 
that of a dsDNA, possibly due to the higher flexibility of the ssDNA oligomers, 
compared with the rigid rod structure of the dsDNAs. In addition, ssDNA oligomers may 
undergo stretching and extension due to steric and electrostatic repulsion in highly 
dense monolayers. The results show that, for 15 bp and 26 bp dsDNAs on flat 
surfaces, or 26 bp dsDNA on gold nanoparticles of differing diameter (5 and 10 nm), 
DNA duplex denaturation is linearly related to thiol-DNA density on the gold surface, 
and for the gold nanoparticles is shown to reach 80% at maximum density (~ 4×1013 
molecules/cm2) (see Figure 1.6). Denaturation of the 50 bp DNA does not occur to a 
significant extent (see Figure 1.6). The authors explain that, according to their model, 
the gain in energy from formation of an additional thiol-gold bond is insufficient to 
compensate for the energy required to separate the 50 nt strands. The authors also 
argue that the results exclude the possibility that duplex denaturation is promoted by 
favorable interactions between the surface and the ssDNA bases. If this were so, the 
resulting denaturation would be favored at low densities where, according to the 
mechanism, the adsorption energy between the substrate and dissociated ssDNA 
would more easily compensate for the energy required for duplex dissociation [56].  
The range of DNA densities measured in the experiments of Peled and 
coworkers [54] (1-4 ×1013 molecules/cm2) is ~ 10-fold higher than the range measured 
by Ricci and coworkers, even though the experimental conditions used to form the 
DNA monolayers were very similar. Such differences may be due to the different 
conformations (ssDNA vs. stem-loop) of the DNA probes used by the two groups, 
and/or the different methodologies followed for determining DNA density. Crowding-
induced denaturation, however, may occur even at densities < 1013 molecules/cm2 for 
shorter duplexes [54]. For instance, in the work of Ricci et al. [50], a 5 bp stem unzips 
upon hybridization to form a ≥27 bp duplex. In such conditions, the stepwise change in 
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faradic suppression may be due to several stems per unit area changing their 
conformation so as to favor hybridization with fewer, much longer complementary 
strands. The model of Peled and coworkers also suggests that the stretching of the 
surface-bound ssDNA within a monolayer can facilitate access of additional DNA 
molecules to the monolayer.  
Recent experiments performed by Scoles and coworkers investigated the 
functionality of nucleic acids in spatially-confined, self-assembled monolayers created 
by an AFM-based nanomanipulation technique termed nanografting [57–65]. Originally 
described by Liu and co-workers in 1997 [66–68], nanografting can create, with 
unprecedented spatial control, patterns that consist of a homogeneous monolayer 
phase on flat gold (111) surfaces that are covered by a protective, self-assembled 
monolayer (SAM) [69–71]. Nanografting is performed by an AFM tip that is scanned at a 
relatively high load (a few to several tens of nN) over the desired area in a solution 
containing the thiolated nucleic acid (see Figure 1.7). Due to tip-induced mechanical 
perturbations, the preadsorbed thiol molecules in the protective SAM undergo local 
exchange with the thiolated molecules in solution. Patterns can be generated with 
different shapes and lateral widths, ranging between a few tens of nm to several 
microns. After resetting the value of the perpendicular applied force to ~ 1 nN or less, 
the same AFM tip can be used for imaging the newly formed structures.  
Our group conducted side-by-side AFM topographic imaging of ssDNA patches 
nanografted within an oligoethylene-glycol-terminated alkylthiol (TOEG) SAM, and 
side-by-side AFM topographic imaging of nanografted patches of TOEG within a 
ssDNA SAM [57]. In this way they were able to show that the topographic height of a 
nanografted patch of a highly dense ssDNA monolayer is greater than that of the 
corresponding monolayer obtained by self-assembly. The authors explain that, at the 
same ssDNA concentration, ssDNA molecules are incorporated in a nanografted patch 
more efficiently than in the corresponding, spontaneously formed self-assembled 
monolayer. Thus, in the nanopatch, ssDNAs acquire a mostly stretched conformation 
as they weakly interact with the gold surface. 
The Authors also demonstrated that the hybridization behavior and efficiency in 
nanografted patches is different than that for ssDNA SAMs. An 18 nt thiolated ssDNA 
and the corresponding 18 bp thiolated duplex were nanografted in the form of a-few-
hundred-nm-wide, square patches, and the mechanical resistance of the inherent 
molecules was measured by side-by-side topographic imaging of the patches, using 
different forces applied by the contacting AFM tip (see Figure 1.8). The mechanical 
resistance on patches obtained using ssDNA was significantly lower than that of 
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patches created using dsDNA (see Figure 1.8). After in situ hybridization, the 
mechanical resistance of the ssDNA patch increased homogenously within the patch 
area, and the height vs. applied force curve substantially matched the curve measured 
on the dsDNA patch (see Figure 1.8). As there are only a small number of molecules (~ 
10) directly under the contact area of the AFM tip, the authors concluded that the 
observed change in mechanical resistance reflected the formation of a significant 
number of duplexes. Specifically, the data demonstrate that, at high density, the 
maximum amount of duplexes in a nanografted patch is approximately 50% (see 
Figure 1.8). The results of this study suggest that denaturation is less pronounced in a 
nanopatch than in the self-assembled monolayer studied by Peled and co-workers. 
The AFM study provided a maximum density estimation for nanopatches of about ~ 
1013 molecules/cm2.  
 
 
Figure 1.7. Methods of assembly of surface 
monolayers of nucleic acids. The scheme in (a) 
depicts the unconstrained self-assembly of 
alkylthiols on a flat gold surface, while the one 
in (b) depicts the AFM tip-assisted, 
nanolithographic process termed nanografting, 
which allows formation of laterally-constrained 
monolayer patches. Here, a highly loading 
AFM tip (applied force ~ 100 nN) displaces 
molecules from the surface, that are 
immediately replaced by the thiol-nucleic acids 
in solution. (c-i) AFM topographic micrographs 
(100×100 nm2) of mixed monolayers of SH–
(CH2)17–CH3 (C18) and SH–(CH2)9–CH3 (C10), 
formed either by self-assembly (c, e, and h) or 
by nanografting (d, f, and i), and using 
C18:C10 = 1:1 solutions at different 
concentrations: 0.2 mM (c, d); 0.02mM (e, f); 
0.002 mM (g, i). At lower thiol concentrations, 
self-assembled monolayers form 
thermodynamically favored products, i.e., 
larger domains. Nanografted patches are less 
affected by the thiol concentration, and the 
resulting mixed monolayer is more 
homogeneous than the corresponding self-
assembled monolayer. A “brighter is higher” 
grey scale is used for the AFM topographic 
micrograph. Reprinted with permission from 






Figure 1.8. Properties of nanografted DNA surface matrices as revealed by atomic force 
microscopy. (a) Compressibility curves, generated by topographic AFM imaging of highly-
dense, nanografted DNA patches as a function of the AFM-applied load. The mechanical 
resistance of a DNA patch significantly changes before (solid circles) and after (solid triangles) 
in situ hybridization. The latter result is similar to the curve obtained with patches of 
nanografted, preformed dsDNA molecules (black squares). The scheme in (b) depicts the result 
reported in panel (a) for ssDNA and dsDNA nanografted monolayers patches, under an applied 
force of 12 nN. (c) Compressibility curves obtained from high-density patches with mixed 
composition: ssDNA:dsDNA = 4:1 (solid circles) and 1:1 (solid squares). The mechanical 
resistance of a patch comprised of ~ 50% dsDNA molecules is similar to that of a patch 
following in situ hybridization. The scheme in (d) depicts the result shown in panel (a) for mixed 
DNA patches, under an applied force of 12 nN. (e) An AFM topographic micrograph in which a 
“nearly invisible” nanografted ssDNA patch is surrounded by a SAM of the same molecule. (f) 
Following hybridization, the height of the nanografted patch is greater than that of the 
background SAM. The result suggests that ssDNA molecules within the nanografted patch 
behave differently than those within the SAM, even though the two ssDNA phases are 
indistinguishable by AFM topographic imaging. An explanation is that a better packing order in 
the grafted patch provides greater hybridization efficiency. (g) By lowering the ionic strength of 
the solution, surface-bound duplexes can dissociate, and the resulting image is similar to the 
one in (e). The cycle can be repeated several times  (h-j). (i-j) are line profiles across the 
pattern. A “brighter is higher” grey scale is used for the AFM topographic micrograph. (a-d) 
Reprinted from [57]. Copyright © (2008) American Chemical Society. (e-j) Reprinted from [59]. 
Copyright © (2012) American Chemical Society. 
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A subsequent study by Bosco and coworkers [72] combined AFM nanografting 
and compressibility experiments with coarse-grain numerical simulations in order to 
establish a density vs. compressibility dependence for ssDNA and dsDNA, which, in 
turn, was used to account for DNA reactivity within nanografted patches. The study 
confirmed as well as added additional insight on previous observations, and also 
provided for the first time calibrated AFM-based and numerical tools for characterizing 
DNA nanostructures that are too small for accurate examination using optical and 
spectroscopic methods. The AFM studies suggest that the combing action of the AFM 
tip during nanografting provides ssDNA matrices with a homogeneous spatial 
distribution. Moreover, the level of “crosstalk” between adjacent DNA molecules is 
reduced, compared to spontaneously formed self-assembled monolayers. In the latter 
case, the structural mobility of ssDNA molecules is reduced, and there is perhaps a 
greater interaction with the surface.  
A recent study by Josephs and coworkers [73] examined the level of crowding and 
homogeneity of DNA monolayers using high-resolution AFM microscopy. In particular, 
they performed single-molecule-imaging of DNA probes tethered by a hexanethiol 
linker (HS–(CH2)6–, also utilized in most of the aforementioned monolayer-related 
studies) within self-assembled monolayers obtained by alternative methods, and using 
freshly prepared, ultra-flat gold surfaces. In the first method (also termed Insertion 
method), the gold surface is initially passivated by a 6-mercaptohexanol (HS–(CH2)6–
OH; MCH) monolayer, then exposed to thiolated DNA, which preferentially attaches to 
the surface at defect sites in the preformed MCH monolayer. In the second method 
(also termed “Backfilling,” and utilized in most of the aforementioned monolayer-related 
studies), the gold surface is first exposed to thiolated DNA, then immersed in a solution 
of MCH, which lifts the DNA off the surface [74,75]. The achieved single-molecule 
sensitivity allowed the investigators to apply spatial statistics to the study of the DNA 
monolayer, and provided direct evidence that the DNA molecules on the surface, as 
prepared by backfilling, have a tendency to form aggregates. By contrast, the insertion 
method yields surfaces that are more uniform at the molecular scale. Although Josephs 
and coworkers focused on low-density DNA monolayers on gold surfaces, their 
findings also provided a rationale for the power of nanografting (which is, in effect, an 
AFM tip-induced “Insertion” process [68,69]) as it permits the formation of highly dense 
monolayer patches in which the spatial distribution of thiolated DNA molecules is more 
homogenous than that of DNA SAMs, formed by a process similar to “backfilling” (see 
Figure 1.7). Furthermore, this effect seems to be independent of the presence of a 
backfilling alkylthiol SAM surrounding the thiolated DNA. Our group [59] found that 
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highly dense SAMs of a thiol ssDNA on a gold surface, and nanografted patches of the 
same molecule share the same AFM-measured height in the absence of MCH or other 
backfilling thiol, rendering the patch practically invisible by AFM topographic imaging. 
Surprisingly, the hybridization-induced height change on a nanopatch is ~ 4-fold 
greater than that of the corresponding SAM. The height change is reversible upon 
dehybridization, and the hybridization can be repeated to provide the same topographic 
change, thus indicating that the structural distinction of the patch and the SAM is 

















1.3. Enzymatic reactions within nanoscale-confined systems 
Enzymatic reactions of surface-attached nucleic acids have been extensively 
investigated and applied to biosensing and biotechnology [76–79]. For instance, the 
enzymatic processing of DNA in situ has been utilized for cloning and sequencing on 
solid supports with unprecedented high-throughput capability [76]. Such applications 
typically require a reaction environment that is engineered to provide maximal reaction 
efficiency, allowing enzymes to process their substrates in bulk, while avoiding 
undesirable crowding and steric hindrance-induced side effects [80–82].  
Restriction endonucleases are a class of enzymes including thousands of 
different molecules that are found in prokaryotes. Due to their inherent capacity of 
digesting DNA, these enzymes contribute to the bacterial defensive mechanisms 
against foreign genetic elements (e.g. bacteriophages) [83]. The restriction enzymes 
belong to the restriction and modification system that comprise methyltransferase and 
endonuclease enzymatic activity [84].  
 
Figure 1.9. Restriction enzymes are major contributors to the bacterial defensive mechanisms 
against foreign genetic elements (e.g. bacteriophages), and are essential tools for and gene 
cloning and synthetic biology. 
The methyltransferases protect the bacterial DNA against the restriction enzymes by 
modifying DNA bases with methyl groups (see Figure 1.9). Figure 1.10 shows that type 
II restriction enzymes specifically recognize and bind DNA sequences termed 
restriction sites, and cleave either within those sites or in proximity. The DNA sequence 
of a restriction site is typically between 4 and 8 bases and is typically palindromic [84]. A 
type II restriction enzyme, which usually acts in homodimeric form, cleave the DNA by 
breaking the sugar-phosphate backbone (phosphodiester bond) on both helical 
strands, thus generating blunt or staggered ends with the DNA products [84]. Restriction 
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enzymes offer the possibility to cut the DNA in nearly any desired location, and allow 
DNA editing and engineering of synthetic DNA constructs that are extensively utilized 
in biotechnology and other applications to the life sciences. 
 
 
Figure 1.10. Schematic mechanism of action of type I and II restriction enzymes. Type II are 
highly interesting in DNA nanotechnology because they cleave phosphodiester bonds right 
inside the their recognition site. 
Our group studied the action of the restriction enzyme DpnII, that cleaves dsDNA 
at a specific sequence (5’–GATC–3’), on surface-bound dsDNA nanopatches obtained 
by nanografting [58]. By measuring cleavage as a function of packing density of a 44 bp 
dsDNA, they demonstrated the existence of a threshold, above which the reaction is 
inhibited essentially in a stepwise fashion (see Figure 1.11). The dsDNA density was 
estimated by means of topographic height imaging [57,85,86] before the reaction, and the 
cleavage reaction was observed as a 50% height decrease in the dsDNA patch, which 
is consistent with the position of the restriction site within the dsDNA probe. The 
investigators showed that access of DpnII (which acts as homodimer) to the monolayer 
is fully inhibited when the average dsDNA-dsDNA distance in the patch is less than ~ 
10 nm (density ~ 1×1012 molecules/cm2), which also corresponds to the overall width of 
the enzyme. This result, confirmed in part by other groups [81,87,88], suggests that the 
accessibility of cleavage sites of dsDNA molecules that are confined in self-assembled 
nanostructures critically depends on the inherent steric hindrance imposed by the 
molecular density (see Figure 1.11). 
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Figure 1.11. Control of steric hindrance on restriction enzyme reactions within nanografted DNA 
surface matrices, as revealed by atomic force microscopy. (a) Illustration of simplified 
geometrical model to estimate the average dsDNA-dsDNA distance in a monolayer, on the 
basis of topographic thickness, that can be derived from the measured topographic height of a 
nanografted patch. During nanografting, the DNA density increases as a function of AFM tip 
coverage (i.e., the number of “sweeps” of the AFM tip within the same area [S/A]). (b) Graph of 
the patch height for a 44 bp dsDNA molecule as a function of tip coverage. The model proposed 
in (a) fits well the behaviour of the height vs. S/A, and thus an estimated density can be 
calculated. (c) The percentage height decrease of dsDNA patches after restriction enzymatic 
reaction (with DpnII endonuclease) as a function of DNA density. The restriction site is located 
in the middle of the dsDNA molecule, and therefore a ~ 50% height decrease is expected for a 
successful reaction. The reaction is allowed for densities lower than a certain critical threshold 
estimated as 0.7×1012 molecules/cm2, which corresponds to an average DNA-DNA separation 
of  ~ 12 nm. The action of the enzyme is therefore steric-dependent, and the stepwise 
behaviour of its action suggests that enzyme access is inhibited when the spatial separation 
between DNA molecules is smaller than the size of the enzyme. A “brighter is higher” grey scale 
is used for the AFM topographic micrograph. Reprinted from [58]. Copyright © (2008) American 
Chemical Society. 
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Biagiotti and coworkers investigated the accessibility of ssDNA and dsDNA 
towards the sequence nonspecific nuclease DNase I, using an electrochemical 
biosensor [89]. The enzymatic processing of the DNA probes labeled with an 
electrochemical reporter is 100% efficient at lower probe densities (~ 1×1011 
molecules/cm2), but monotonically decreases at higher densities (2.5×1012 
molecules/cm2), down to 50% efficiency. However, with dsDNA probes the faradic 
current suppression resulting from enzymatic digestion of the surface-bound probes 
was limited to 60% even at the lowest densities investigated (<1×1011 molecules/cm2), 
demonstrating that a significant fraction of the immobilized probe is inaccessible to 
nuclease digestion, regardless of surface density. The current suppression dropped to 
30% in a step-wise fashion for densities > 3×1011 molecules/cm2, similar to the enzyme 
behavior observed in our lab [58]. The latter group further investigated enzymatic 
reactivity within specific nanografted patterns of dsDNA probes, and unequivocally 
demonstrated that dsDNA confinement exerts a quantifiable effect on enzyme diffusion 
within the surface-bound nanostructures [61]. Specifically, they found that an 
endonuclease has essentially no access to a low-density dsDNA nanopatch that is 
surrounded by a nanografted “fence” of highly dense dsDNA, regardless of the contact 
area between the low-density patch and the solution, which can be as large as several 
square microns (see Figure 1.12). It was indirectly established that the enzyme gains 
access to its target sites only from the sidewalls of the patch, which are several nm in 
height, rather than from the larger, topmost face. The enzyme then can diffuse within 
the two-dimensional matrix and locate its target sites. The “roughness” of the patch, the 
length of surface-bound DNA, and the type of linker used for attachment are additional 
factors that influence enzyme action [80,88].  
The group of Bar-Ziv developed cell-free transcription/translation molecular 
circuits in an attempt to demonstrate the bottoms-up construction of synthetic 
biochemical systems [88]. They designed a biochip with localized “brushes” of 220-bp or 
1130-bp dsDNA molecules by a single-step photolithographic approach, allowing 
control of DNA density by attaching the probes to a chemically engineered surface via 
UV light-dependent deprotection. The investigators used dsDNA molecules provided 
with restriction sites for BamHI and/or EcoRV in proximity to the two molecular ends, 
and a fluorescent label at the end more distant from the surface. In this manner, DNA 
brushes with surface density gradients were formed and their enzymatic processing 
followed in real time and with spatial resolution by fluorescent optical microscopy (see 
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Figure 1.12. Two-dimensional enzyme diffusion in nanografted DNA surface matrices, as 
revealed by atomic force microscopy. The top figure (a-b) shows AFM topographic data, 
elucidating the effect of a high-density dsDNA patch (fence) surrounding a low-density patch 
(both obtained by means of nanografting) on the accessibility of dsDNA molecules incorporated 
within the central, low-density patch, towards an endonuclease (DpnII) in solution. The AFM 
topographic micrographs in (a) and (b) display two low-density patches, with (top) and without 
(bottom) the high-density fence. Graphs (a1) and (a2) are line profiles relative to the micrograph 
in (a), while (b1) and (b2) are profiles relative to the same nanostructures after enzymatic 
reaction (b).  The structures are formed with the same 44-bp thiol-dsDNA molecule, having a 
restriction site in the middle. The dense fence results have higher topographic heights, as 
packed molecules tend to have  a near-vertical orientation (see Figure 1.11). Lines profiles (a1) 
and (b1) show that the endonuclease has no access to the dsDNA in the central patch, as the 
topographic height does not change after enzymatic treatment. Lines (a2) and (b2) instead 
show that the same low-density patch is accessible to enzyme when there is no high-density 
fence surrounding the sidewalls (see the ~ 50% height decrease after treatment). AFM 
micrographs (c) and (d) depict, before and after the enzymatic reaction, respectively a low-
density dsDNA patch surrounded by a larger low-density patch consisting of a control dsDNA 
molecule lacking restriction sites. Line profiles (c1) and (d1) show that the dsDNAs within the 
central patch are accessible to the endonuclease. In turn, enzyme molecules two-dimensionally 
diffuse within the inert low-density dsDNA matrix and retain their enzymatic activity. Graphical 
schemes represent the DNA density underlying topographic profiles.  Scale bar, 3 µm. A 
“brighter is higher” grey scale is used for the AFM topographic micrograph. Reprinted from [61]. 
Copyright © 2011, Rights Managed by Nature Publishing Group. 
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Figure 1.13). The minimum average distance between dsDNA molecules was 
estimated to be between 10-20 nm. While the digestion of the 200 bp DNA brush by 
EcoRV at a site near the surface was complete by 10 min, and showed no clear 
evidence of an effect of density on enzyme efficiency, the 1130 bp brushes revealed a 
density effect on the function of both EcoRV and BamHI.  When the EcoRV recognition 
site was located at the top, the relative reaction was complete in 10 min, while a 3-fold 
increase in reaction time was necessary to attain complete digestion when the 
restriction site was located at the bottom of the brush (see Figure 1.13) [88]. Restriction 
enzymes therefore can be controlled even in low-density, disordered systems.  
 
 
Figure 1.13. The effect of steric hindrance on the kinetics of restriction enzyme reactions in 
spatially resolved DNA brushes on a chip. (a) The scheme depicts representative DNA 
fragments, functionalized with a fluorescent dye at one terminus, and a surface linker at the 
other terminus, utilized to form brushes with a spatial density gradient provided by a 
photolithographic approach. The 200-bp and one 1130 bp sequences have restriction sites in 
proximity of the surface, while one 1130 bp sequence has restriction sites located on top. (b) 
The action of restriction enzyme is monitored in real-time by means of fluorescent imaging, as 
the cleaved, surface-bound molecules release the fluorescent dye. Shown are the florescence 
images of a 1130 bp brush with restriction site at the top, during EcoRV restriction reaction at 
different times: t=0 min (top), t=5 min (middle), and t=10 min (bottom). Panels (c-e) plot the 
fraction of DNA cleaved by EcoRV as a function of DNA density and time for a 200 bp brush (c) 
(restriction site at the bottom), and 1130 bp brushes with restriction site on top (d), and at the 
bottom (e). The results show that in the latter case, the enzyme reaction is much slower that in 
the other conditions, and that the reaction rate is negatively affected by DNA density. Therefore, 
EcoRV action in the longer brush is sterically regulated. Reprinted with permission from [88]. 
Copyright © (2009) American Chemical Society. 
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Compared to surface-bound monolayers of nucleic acids, water-soluble DNA 
nanostructures, either consisting of only a few, short sequences, or larger 2D or 3D 
shapes comprising several thousands of base pairs, are highly ordered systems. There 
have only been a few reported studies of the enzymatic reactivity of such structures. 
Keum and co-workers investigated the reactivity of a DNA tetrahedron (prototypical 
DNA origami) toward specific and non-specific endonucleases [90]. In particular, the 
authors studied the action of DdeI endonuclease as a function of the position of the 
cleavage site within the DNA tetrahedron. Two variants of the same structure were 
used, which have, respectively, one restriction site located in the center of one of the 
edges (T1), or adjacent to one of the vertexes (T2). The two variants were incubated 
with the endonuclease and the products were analyzed by denaturing gel 
electrophoresis. The authors found a significant digestion pattern for both the T1 and 
T2 nanostructures. The DNA tetrahedron has several nicks along the DNA-duplex 
segments, which provide flexibility to the nanostructure. After treatment with a DNA 
ligase, the rigidity of the nanostructure increases, and by subsequently reacting the 
ligated nanostructures with DdeI, the authors found that the action of the endonuclease 
is inhibited only for the ligated T2 nanostructure [90]. Other experiments showed that 
DNA tetrahedron are more resistant than molecular dsDNA when exposed either to a 
non-specific nuclease (i.e. DNase I) in solution, or to complex biomolecular mixtures 
such as fetal bovine serum [90]. Anderson and co-workers carried out experiments in 
vivo (by using a mouse model), and demonstrated that the half-life in the blood system 
for a DNA tetrahedron linked to a short interfering (si) RNA is longer (t1/2 ~ 24 min) than 
the half-life of the siRNA molecule itself  (t1/2 ~ 6 min) [39] (see Figure 1.14). 
The stability of several DNA origami in the presence of nucleases has been 
investigated by several groups, using transmission electron microscopy and 
electrophoretic separation in agarose gels. Castro et al. found that the incubation of 
different 3D DNA nanostructures with exo- or endonucleases provide contrasting 
results [91]. However the DNA nanostructures appear to be less affected by DNase I 
than a conventional dsDNA plasmid. In particular, using 1 unit of DNase I, they found 
that it takes 60 minutes to degrade 2 ng of a DNA nanorod, while only 5 minutes to 
degrade 65 ng of the dsDNA plasmid.  Meldrum & Yan and co-workers used AFM, 
agarose gel electrophoresis and electron microscopy to study the stability, at different 
temperatures, of triangular, rectangular and cuboidal DNA nanostructures in cell 
lysates (see Figure 1.4). They incubated (up to 12 h) DNA origami, single-stranded and 
double-stranded circular DNA molecules in lysates obtained from different cell lines [37]. 
While the DNA origami were apparently unaffected by the incubation, the gel 
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electrophoretic mobility of the dsDNA greatly decreased after treatment, suggesting 
that, in contrast to the DNA origami, circular dsDNA strongly interacts with proteins in 
the lysates. Furthermore, a rectangular DNA nanostructure, functionalized with ssDNA 
overhangs that bind a short ssRNA, was shown to retain its functionality after 
treatment. 
 
Figure 1.14. Molecularly self-assembled nucleic acid nanoparticles for targeted in vivo siRNA 
delivery. (a) Schematic representation of the composite strands and structure of DNA 
tetrahedral, linked to a short interfering(si) RNA, forming an siRNA-DNA tetrahedra. This 
structure was used as a targeted siRNA delivery system. (b) Gel electrophoretic 
characterization of the assembly of DNA tetrahedra linked to siRNA (Lane 1, strand 1; Lane 2, 
strands 1 and 2; Lane 3, strands 1-3; Lane 4, strands 1-4; Lane 5, strands 1-5; Lane 6, strands 
1-6; Lane 7, strands 1-6 and siRNA and Lane L, DNA ladder). (c) AFM image of DNA 
tetrahedra linked to siRNA. The grey scale indicates height. Inset: high resolution AFM image. 
(d) Pharmacokinetics profile and organ biodistribution of an siRNA-DNA tetrahedra delivered in 
a mouse model. In this experiment the structure was combined with a targeting molecule (folic 
acid) and Cy5 fluorescent dye for tracking purposes.  A nude mouse, bearing KB carcinoma 
cells as a xenografted tumor, with high expression of folate receptor was used as experimental 
model. Inset: ex vivo fluorescence images of the tumor (T), liver (Lv), spleen (S), kidney (K), 
heart (H) and lung (L), 12 h after injection. Note the high levels of siRNA in the tumor tissue. 
Adapted and reprinted with permission from [39]. Copyright © 2012, Rights Managed by Nature 
Publishing Group. 
Within nanostructured systems, enzyme processing was also shown to depend 
on salt concentration. Seferos et al. showed that, although high salt concentrations can 
be responsible for DNA denaturation, it also can promote resistance to enzymatic 
cleavage. The group compared the effect of DNase I on dsDNA in solution, and on 
dsDNA attached to AuNPs, and found that the latter showed a ~ 4-fold greater half-life 
than the former [92]. The results also showed that the overall cleavage kinetics were 
slower, although enzyme association was faster with the AuNPs. This effect was due to 
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high local salt concentration, as monovalent cations can inhibit DNase I by displacing 
Mg2+ and Ca2+ ions. In presence of a salt-tolerant mutant of DNase I, the enzymatic 


















1.4 Effect of crowding on nucleic acid-nucleic acid and nucleic 
acid-protein interactions  
The application of nucleic acid-based nanostructures to complex biological 
problems will require an in-depth understanding of nucleic acid behavior in crowded, 
highly inhomogeneous systems. While the effect of crowding on dsDNA dissociation 
has been investigated [55], little is known of the effect of crowding on DNA-based 
nanoparticles or related systems. For instance, the theoretical work of Liu et al. [93] 
rationalizes that the melting temperature (Tm) increases with molecular density, since 
the crowding reduces the excluded volume and limits the entropy increase that occurs 
during DNA melting. In contrast, the Tm can decrease if the crowded molecules in ss 
form exhibit stronger interactions, compared to the corresponding dsDNA molecules 
[93]. Interactions between ssDNA molecules in crowded systems also have been 
investigated using gold nanoparticles carrying bound ssDNA. Mirkin and co-workers 
studied the interactions between nanoparticles coated with two short ssDNA molecules 
with limited complementarity (3 nucleotides) [94]. They demonstrated that multiple, 
weak interactions between very short complementary sequences bound to 
nanoparticles can provide a net contact force strong enough to stabilize nanoparticle 
aggregates. They also determined the melting temperatures of the aggregates as a 
function of the length of the complementary sequence and the diameter of the 
nanoparticles. They found that either increasing the salt concentration or the size of the 
nanoparticle favors aggregation, as indicated by an increase in melting temperature. 
Also, in high salt conditions (1M NaCl), a single-nt-long complementarity was able to 
stabilize the aggregation of nanoparticles 150 nm in diameter [94]. Mirkin and co-
workers proposed three-dimensional hybridization as an explanation of the effect: while 
single DNA strands can only form a single duplex, molecules bound to nanoparticles 
can interact in three dimensions, such that base pairing can simultaneously involve 
multiple strands. 3D hybridization enables AuNP aggregation, and is the cause of the 
increased melting temperatures observed in these systems.  
While the stability of the 3D nanostructures studied by Mirkin and co-workers 
increases with the number of bp formed for each nanoparticle [94], the formation of 
highly dense, ordered, self-assembled 3D DNA origami nanostructures is hindered by 
an excessive amount of inter-helix connections, also termed crossovers, which are 
formed by the hybridization of short ssDNA staples with multiple segments of the long 
ssDNA scaffold. The amount of inter-helix connections inevitably increases with 
nanostructure complexity and size, and is related to the effects of molecular crowding 
on self-assembly of DNA origami nanostructures (see Figure 1.15). The results from 
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Yan, Shi and coworkers suggest that crossovers introduce repulsive forces and steric 
hindrance experienced by the ssDNA staples during self-assembly on the ssDNA 
scaffold [95]. The authors demonstrated that the yield of self-assembling a 3D DNA 
cuboid structure (with DNA duplexes arranged in a square lattice) increases by 
diminishing the number of cross-overs only within the core of the cuboid, thus 
preserving the desired shape. 
 
Figure 1.15. Multilayer DNA origami packed on a square lattice. (a) DNA nanostructures are 
formed via Watson-Crick base-paring of several, short single-strand (ss)DNA sequences 
(termed “staples”) with a long circular ssDNA molecule (the “scaffold”). The 12 DNA helices in 
the figure are therefore formed by the ssDNA of the scaffold (dark grey) and the ssDNAs of the 
staples (light grey). The helices can be schematically represented as cylinders with different 
colors that correspond to the staple pattern used to fold the helices (i.e. dark cylinders in C 
match with helices number 1, 2, 3, 4 in B). Each helix is in contact with four other helices, as in 
a square lattice fashion. (b) The path of the helices inside the nanostructure is represented in a 
2D scheme, where the black line is the scaffold and the light grey lines are the staples. Staples 
join two separated scaffold sequences (1-12) forming crossovers (highlighted with circles) that 
are periodically distributed inside the structure. Adapted and reprinted with permission from [95]. 
Copyright © (2009) American Chemical Society.   
Macromolecular crowding and excluded volume effects hold importance for in 
vitro enzymatic reactions. Lareu and co-workers showed that reverse transcription (RT) 
and the polymerase chain reaction (PCR) can be significantly improved in all aspects, 
including sensitivity, specificity, processivity, yield and thermal stability of Taq DNA 
polymerase, by adding inert macromolecules such as Ficoll (70 kDa and 400 kDa) to 
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the reaction volume [96]. The introduced fractional volume occupancies are between 
5% and 15%, which is in the accepted range of biological crowding, and thus simulates 
intracellular environments. The investigators were able to reduce the amount of 
enzyme by 75% and still attain a good product yield, due to faster reaction kinetics. 
The investigators explained that the macromolecular crowding-induced, excluded-
volume effect lowers the reaction entropy, thus increasing the free energy of the 
reactants due to enhanced enzyme thermal stability, more efficient primer annealing to 
its target, greater specificity, and enhanced enzyme-nucleic acid complex formation 
and stability. 
Sugimoto and co-workers [97] have systemically investigated the effect of 
molecular crowding on the stability of DNA duplexes consisting of Hoogsteen or 
Watson-Crick base pairs, by adding different concentrations of PEG200 (polyethylene 
glycol with an average molecular weight of 200 g/mol) as a crowding agent. 
Interestingly, the free energy of Hoogsteen base pair formation in an intramolecular 
duplex and a triplex decreases from +1.45±0.15 to +1.09±0.13 kcal mol-1, and from -
1.89±0.13 to -2.71±0.11 kcal mol-1, respectively, with increasing concentration of 
PEG200 from 0 to 20 wt%, while for the formation of Watson-Crick base pairs in the 
duplex and triplex, the addition of PEG200 increases the free energy from -10.2±0.2 to 
-8.7± 0.1 kcal mol-1, and from -10.8 ±0.2 to -9.2±0.2 kcal mol-1, respectively. The 
contrasting effect of molecular crowding on the Hoogsteen and Watson-Crick base pair 
stability has been rationalized by the differences in the manner of binding of water 
molecules to the DNA strands. Thermodynamic calculations indicate that stabilization 
of Hoogsteen base pairs and destabilization of Watson-Crick base pairs reflects a 
favorable change in enthalpy over an unfavorable change in entropy.  Calculation of 
the number of water molecules associated with the DNA structural changes under 
conditions of molecular crowding reveal that 1.9±0.1 and 0.8±0.1 water molecules per 
nucleotide are released upon formation of duplex and triplex Hoogsteen base pairs, 
respectively, and that 3.4 ±0.2 and 3.3±0.1 water molecules are taken up per 
nucleotide upon formation of duplex and triplex Watson-Crick base pairs, respectively. 
Stabilization of Hoogsteen base pairs and destabilization of Watson-Crick base pairs is 
attributed to the dehydration and hydration, respectively, in the duplex and triplex 
structures. Kan et al. have demonstrated that under salt-deficient conditions, molecular 
crowding induces the formation of telomeric G-quadruplexes, and increased its 
competition with duplex formation [98]. A separate study by Miyoshi et al. [99] showed 
that an altered hydration state is responsible for stabilization of quadruplex  structures 
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and destabilization of duplex structures under molecular crowding conditions [99]. Thus, 
the hydration state is a key determinant of DNA structure formation and stability. 
Hancock and co-workers showed how the assembled/disassembled state of 
protein complexes depends upon the manner of spatial confinement and dilution within 
the cellular compartments within which the complexes are located [100]. Using 
immunofluorescence and immunoelectron microscopy, nuclear protein complexes were 
detected in nucleoli and promyelocytic leukemia bodies (complexes present in the 
specified disease, but with poorly understood function). Nucleolar complexes were 
detected by co-localization of the major protein components, including nucleolin, which 
participates in pre-rRNA processing, and the 194 kDa subunit of RNA pol I, while 
nucleolar function was confirmed by quantification of rRNA transcript elongation. When 
the nuclear volume is expanded with an isotonic cationic solution, the complexes 
cannot be detected. The investigators explain that the disassembly of compartments 
upon nuclear expansion is provoked by a reduction of the internal concentration of 
macromolecules. Following subsequent reduction of the nuclear volume, the protein 
complexes reappeared, and nucleolar function recovered as monitored by rRNA 
transcript elongation. The authors show that assembly and disassembly of the complex 
are dependent upon steric crowding. In particular, the addition of inert molecules such 
as PEG or dextran to the expanded nuclei, in which the complexes are not visible, 
leads to recovery of the complexes with well-defined shapes and functions, 
comparable to those of the unperturbed complexes. The latter show a concentration-
dependent response to the addition of inert macromolecules used in studies of 
macromolecular crowding in vitro. Crowding agents induce the reassembly 
phenomenon as an effect of volume exclusion, because they restore the normal 
intranuclear macromolecular concentration.  
Molecular crowding also affects RNA structure, stability and function. Nakano et 
al. investigated the effect of molecular crowding on hammerhead ribozyme catalytic 
activity, using polyethylene glycols (PEGs) of different molecular weights [101]. 
Hammerhead ribozyme catalytic activity was enhanced under the molecular crowding 
conditions, and this facilitation suggested that the active form of the ribozyme is 
stabilized under crowded conditions, possibly due to dehydration. Very recently, Kumar 
et al. have demonstrated that the molecular crowding conditions of PEG200 favor the 
formation of the functional tertiary structure of an adenine-specific riboswitch, by 
promoting the dehydration of stem regions during the conformational change induced 
by ligand binding [102]. In a theoretical study, Denesyuk and coworkers have shown, 
using coarse-grained Langevin dynamic simulations, that crowding enhances the 
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stability of a pseudoknot (PK) relative to hairpin duplex (HP), both in the wild-type and 



















1.5 Conclusions and goal of this thesis 
Nucleic acid nanotechnology is now an established, interdisciplinary field of 
research that is supported by highly productive collaborations involving researchers in 
the physical sciences, materials science, computer science, biotechnology, biology, 
and medicine. Self-assembled nanosystems are highly informative in examining the 
basic functions of nucleic acids, as they can be immobilized at varying densities, 
repetitively processed or functionally probed, and ultimately analyzed with single 
molecule resolution. Several unanticipated properties of nucleic acids and their ability 
to interact with proteins arise from nanoscale confinement. In particular, the 
functionality of nucleic acid-based nanosystems is highly dependent on the local 
density, molecular flexibility, and the network of weak interactions between adjacent 
nucleic acid molecules. These significantly affect steric accessibility, molecular 
crowding and hydration to determine nucleic acid hybridization, denaturation, 
conformation, and enzyme accessibility. We believe that an in-depth understanding of 
these behaviors and properties will allow significant advances in the field of structural 
DNA and RNA nanotechnology. Specifically, this knowledge will enable the design of 
nucleic acid-based nanostructures with unprecedented functionalities, for effective 
applications in nanomedicine, including diagnostics and drug delivery, which will 
require that the nanostructures function in a robust, reproducible manner in a variety of 
complex biomolecular environments.  
The goal of this experimental thesis is to carry out a pilot, quantitative, 
unprecedented study of the peculiar properties associated with nanoscale confinement 
in water-soluble, nucleic acid nanostructures that influence protein-nucleic acid 
interactions. In this work, we mostly focused on restriction enzymatic reactions of DNA 
molecules confined within two-dimensional DNA origami that are most established, 
self-assembled nanostructures. In fact, as discussed above, restriction enzymes 
recognize and process DNA with very high sequence-specificity, and introduce 
permanent modifications to the nucleic acid structure that are key for the 
implementation of accurate, quantitative experimental approaches for their analysis, as 
I will explain in the following chapter. 
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2.1 The action of nucleases in two-dimensional DNA origami 
objects – a study of DNaseI 
Following our fundamental interest in studying protein-DNA interactions over 
DNA segments that are integrated within DNA origami objects, we started with an 
investigation of the stability of DNA origami against the action of Deoxyribonuclease I 
(DNaseI). DNaseI is an endonuclease that catalyzes the hydrolytic cleavage of 
phosphodiester linkages in the DNA backbone, and can cut the double-stranded DNA 
(dsDNA), and also the single-stranded DNA (ssDNA) with a lower cut rate [1]. DNaseI 
cuts DNA without relative sequence specificity [1]. Importantly for our study, the 
presence of cleavages in the DNA is a permanent signature of DNaseI successful 
interaction with DNA. Therefore, we plan to measure the progression of endonuclease 
reactions by measuring the composition of DNA origami-products as obtained from the 
degradation of an initial complete structure. A similar approach involving DNaseI has 
been extensively applied to profile genomic expression by mapping the regions of 
genomic DNA that are accessible to transcription factors [2]. 
We designed a comparative experiment of DNAaseI action with three forms of 
DNA: a triangular DNA origami, the M13mp18 ssDNA (M13 ssDNA), and the genomic 
dsDNA from calf thymus (genomic dsDNA). These DNA forms, were selected because 
are representative of different levels of molecular packaging and molecular order in 
solution. The M13 ssDNA is a circular DNA forms a random coil with a high level of 
molecular accessibility and disorder. The genomic dsDNA extract is likely to be 
comprised of longer DNA fragments than M13 ssDNA, but will share similar properties 
in terms of accessibility and molecular order. For simplicity, we selected the triangular 
DNA origami because it is the most rigid 2D DNA origami, and very well characterized 
by other groups in terms of physical properties and applications (as discussed in the 
Introduction). 
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We incubated the different DNA forms with DNaseI for 30 minutes, at 37˚C, at 
different enzyme concentrations (hereafter expressed in Kunitz Units, KU) in 50 µL of 
reaction volume. The reaction products were analyzed with Agarose Gel 
Electrophoresis (AGE), and the results are showed in Figure 2.1. 
As expected, M13 ssDNA is highly accessible to DNaseI as it was completely 
degraded already with 0.5 mKU of enzyme. 
 
Figure 2.1. Stability of three DNA forms against DNAseI: triangular DNA origami, M13 ssDNA, 
and genomic dsDNA. The three DNA forms were mixed with the enzyme (see the indicated 
enzymatic units in the figure) and incubated for 30 minutes at 37˚C. DNaseI reaction products 
were analyzed with native agarose gel electrophoresis. Lane 1: DNA Molecular Weight Marker 
IV; lanes 2, 5, 8, 11: 10 µg of M13mp18 ssDNA. Lanes 3, 6, 9, 12: 3.76 µg of triangular DNA 
origami. Lanes 4, 7, 10, 13: 40 µg genomic dsDNA (calf thymus). Lanes 2, 3, 4 are control 
experiments performed with solutions lacking the DNaseI. Lanes 5, 6, 7 were incubated with 0.5 
mKU of DNAseI. Lanes 8, 9, 10 were incubated with 1.0 mKU of DNAseI. Lanes 11, 12, 13 
were incubated with 2.0 mKU of DNAseI. ssDNA = M13mp18 ssDNA, origami = triangular DNA 
origami, dsDNA = genomic dsDNA, mo = monomeric form of triangular DNA origami. 
In contrast, genomic dsDNA displayed a lower accessibility to DNaseI as 
evidenced by a progressive degradation as a function of enzyme concentration. Since 









































1 2 3 4 5 6 7 8 9 10 11 12 13 
mo 
		 44 
digestion is a distribution of fragments with the average length that progressively 
decreases as a function of enzymatic concentration. The triangular DNA origami is the 
most robust among the three investigated DNA forms. The band relative to the intact 
monomeric form of DNA origami can be found after incubation with 0.5 mKU and 1.0 
mKU of enzyme, and remains a major component of the fragmentation pattern in the 
gel. With 2.0 mKU of DNaseI the triangle is compromised as is shown by a smeared 
band that reaches a molecular mass compatible with fractions of the intact DNA 
origami. In the gel of Figure 2.1, a gel band at a very low molecular mass is shown 
together with the triangular DNA origami. This band corresponds to the short staples 
that are in 5x excess of the M13 scaffold (during the folding reaction), and which 
remain in solution during the enzymatic reaction. Due to their presence, such staples 
could help increase the stability of the DNA origami objects as they provide a suitable 
substrate for the enzyme.  
In conclusion, triangular DNA origami showed a higher resistance to the action of 
DNaseI with respect to both genomic dsDNA and ssDNA. What factors control 
enzymatic reaction in such DNA nanostructures?  
Previous results of our group demonstrated that the activity of restriction 
enzymes is sterically hindered within surface-bound DNA nanostructures with densities 
ranging 0.5-10 x 10^12 molecules/cm2 [3,4]. Since the density of DNA helices across a 
section of any 2D DNA origami reaches a value of ~ 1.5 x 10^13 molecules/cm2, steric 
inhibition could play a role in the stability of DNA origami against DNaseI. DNA stability 
experiments performed with complex, three-dimensional (3D) DNA origami objects, 
using AGE and cryo-electron microscopy (cryo-EM) for analysis, was recently reported 
by Dietz and co-workers in a study published on Nature Methods [5]. The authors 
showed that 3D DNA origami objects had a greater resistance to DNAseI action as 
compared to plasmid dsDNA. They explained that DNA origami objects were shielded 
from DNAseI action because of the high level of packing of short dsDNA segments 
within the DNA origami structure. In a previous work, the Yan’s group studied the 
stability of 2D and 3D DNA origami objects, and found results that are in substantial 
agreement with the results of our and Dietz’s labs. In their experiments, Yan and co-
workers incubated 2D DNA origami object and the dsDNA and ssDNA forms of the 
M13 scaffold with cellular lysates (that are rich of nucleases among other DNA-
processing enzymes), and analyzed the results with AGE, atomic force microscopy 
(AFM), and electron microscopy. Interestingly, the results show that 1 h and 12 h long 
incubations leaves unaltered the DNA origami object, which migrate in gels very 
		 45 
similarly to control experiments. In contrast, they found that the unfolded DNA forms 
are highly affected by the lysates, and more easily degraded than the DNA origami [6]. 
Besides the high molecular packaging, DNAseI action was previously shown to 
depend on to the structure [7,8] and the mechanical properties[1] of the substrate DNA. 
In particular, the DNaseI action within 2D DNA origami could be inhibited by the 
structural motifs associated with the fact that each DNA duplex is linked to the adjacent 
by crossover junctions that occur every 16 base pairs. Crossovers are tertiary DNA 
structural motifs formed by branched DNA junctions with four-arms. Such motif as well 
as three-arms junctions have been shown to protect DNA from DNAseI digestion [7]. In 
addition, a recent study demonstrated that a DNA tetrahedron nanostructure, which is 
formed by the hybridization of 4 ssDNA sequences and with the vertexes consisting of 
three-arms branched junctions, showed dramatically enhanced resistance to DNAseI 
as compared to the distinct dsDNA components [9].  
In addition to the high molecular packing and the complex structural motifs inside 
a DNA origami objects, it is remarkable that the persistence length of compact, 3D 
DNA origami is much higher than the one of dsDNA in the linear form, leading to a 15 
to 38 folds increase of bending rigidity [10]. Such an increase of rigidity is achieved 
regardless the fact that the inner structure of 3D DNA origami objects is rich of defects 
because it is typically comprised of consecutive dsDNA segments of 16 bp. In turn, the 
distribution of mechanical stress or torsion on the dsDNA segments within a DNA 
origami may be an additional relevant factor affecting the action of nucleases.   
Another aspect that may have some relevance in this regard is the presence of 
contours in 2D DNA origami or surfaces in 3D objects. These are likely to be the most 
accessible components of the inherent structures, and could introduce spatial 
hierarchies in enzymatic reactions. 
In conclusion, many are the physical factors that could influence enzyme access, 
binding, and processing in large DNA nanostructures. Most of the studies addressing 
this problem however do not allow a quantitative characterization of such factors. A 
useful approach here would be to accurately analyze enzymatic reaction products as a 
function of their spatial coordinates within a DNA origami object. To achieve this, we 
decided to take advantage of the site-specific action of several type II endonucleases 




2.2 The action of endonuclease in two-dimensional DNA 
origami objects – a study of several type II restriction enzymes  
Type II endonucleases, also termed type II restriction enzymes (REs), recognize 
and cleave a DNA sequence termed restriction site, with exquisite high specificity, 
mostly acting as homodimers. Many restriction enzymes has been resolved and 
characterized [11,12], and their biochemical activity has been deeply studied [1,13]. With 
the DNA origami technology it is possible to introduce a well-defined correspondence 
between a DNA sequence and its position(s) within the shape. In addition, the 
restriction sites available for each specific enzyme can be easily mapped in the file that 
contains path and sequence map, which is typically outputted by DNA origami design 
software (in our case Cadnano), using a simple text finder tool. In turn, REs are ideal 
workbench for studying protein-DNA interactions in dense DNA nanostructures.  
In addition, REs are well established tools for DNA modification and are therefore 
essential tools for biotechnology with over 600 restriction enzymes being commercially 
available [14]. Therefore, understanding the action of REs on DNA origami objects will 
enlarge implementable functionalities of DNA nanostructures with the potential of 
opening the door to unprecedented biotechnology applications of DNA 
nanotechnology.  
The circular M13mp18 ssDNA (M13 ssDNA) utilized to form DNA in this thesis 
is the common scaffold used to assemble DNA origami by folding different shapes by 
varying only the pool of staple strands [15–17]. To study the action of restriction enzymes 
on a DNA origami, we selected a set of 11 REs, namely BamHI, DraI, Hin1II, NlaIII, 
HaeIII, BsuRI, MspI, RsaI, Hpy4CHIV, HhaI and AluI, because they have several 
restriction sites along the M13 DNA sequence (see Appendix). The corresponding 
restriction sites are GGATCC, TTTAAA, CATG (for both Hin1II and NlaIII), GGCC (for 
both HaeIII and BsuRI), CCGG, GTAC, ACGT, GCGC and AGCT, respectively. Eight 
of the investigated REs and the corresponding number of sites in the M13 sequence 
are listed in Figure 2.2A. BamHI has only one site in M13, and mostly serves as control 
(not shown in Figure 2.2). NlaIII and Hin1II, HaeIII and BsuRI are two couples of 
isoschizomers, which means that the enzymes cleave the same restriction site. In turn, 
in principle, isoschizomers fragment the DNA scaffold folded in a DNA origami object in 
the same way, and only one of the enzymes for each couple is shown in Figure 2.2A.  
We examined the action of such 11 REs on the M13 scaffold folded in three 
different forms, i.e., the triangular and rectangular DNA origami (chosen because they 
are two different, very well-characterized, two-dimensional DNA nanostructures) and 
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the circular M13 dsDNA. Since the latter has minimum packing level compared to DNA 
origami, it serves as control. The colored circles depicted in Figure 2.2B-D 
schematically indicate for each restriction enzyme the positions of all the 
corresponding, available restriction sites within the three DNA forms. Figure 2.2E 
depicts the fragments typically expected from the complete enzymatic digestion of the 
circular M13 dsDNA shown in Figure 2.2D.  
 
 
Figure 2.2. The restriction sites within the M13 DNA sequence have specific spatial 
distributions in the DNA origami objects. A) The list of investigated restriction enzymes and the 
number of corresponding sites within the M13 DNA sequence. B) Shows the spatial distributions 
of restriction sites in the rectangular DNA origami for each enzyme in A), C) is for the triangular 
DNA origami, and D) is for the circular M13 dsDNA. E) Schematically shows the complete 
fragmentation products for the M13 DNA. 
Such sets of fragments can be obtained from the enzymatic reaction of a DNA 
origami only if the enzymes can successfully recognize and cleave all the inherent 
sites. Of note, the spatial distribution of restriction sites in the rectangular and triangular 
nanostructures depicted in Figure 2.2B-C, respectively, is not the only possible. In fact, 
several different sets of staples can be designed to obtain the same shape starting 
HypCH4IV DraI Hin1II RsaI HhaI AluI MspI HaeIII 







from the same DNA scaffold. Each set corresponds to a different shift of the M13 
sequence along the spatial coordinates of the folded scaffold (represented by the 
folded black line in each shape in Figure 2.2B-C), and in turn uniquely determines the 
spatial distribution of all restriction sites.  
Triangular and rectangular DNA origami were synthetized according to previously 
reported protocols [15] and were purified from the excess of staples that was used to 
form them with a PEG-based method [18]. Figure 2.3 shows the limits of a microscopy-
based approach in the analysis of our system. Here, the triangular DNA origami was 
treated with 10 units of MspI enzyme, for 1 hour at 37˚C. The reaction was stopped by 
quickly cooling the reaction through placing the tube in ice, while the analysis of the 
reaction products was performed immediately after reaction stopping. The results of 
topographic imaging by atomic force microscopy (AFM) shown in Figure 2.3 show that 
triangular DNA origami treated with MspI and untreated controls have indistinguishable 
shapes.  Structural differences that could be attributed to specific enzymatic cleavage 
on the DNA origami cannot be detected by imaging the topography of the DNA origami 
at small scan size (Figure 2.3D).  
The successful action of a restriction enzyme over a restriction site in a DNA 
origami leads to the local fragmentation of the ssDNA scaffold without alteration of the 
local folding. This because the scaffold fragments are kept incorporated within the 
nanostructure by the presence of unmodified, surrounding staple strands. Therefore, 
the inherent alteration of the DNA structure must be only near the restriction site, which 
has a typical length of 2 - 6 bp (i.e. 0.7 - 2 nm) depending on the enzyme. In turn, the 
accurate investigation of the behavior of restriction reactions within DNA origami would 
require sub-nanometer spatial resolution, which is very challenging even with state-of-
the-art AFM. In addition, the scanning probe of the AFM can damage the DNA origami 
during imaging, and such structural changes could be erroneously interpreted as 
effects of enzymatic modifications. 
In turn, due to the lack of spatial resolution, our AFM results are unable to inform 
on the behavior of MspI on the triangular DNA origami. Our AFM data however are in 
apparent agreement with AFM or other microscopy data previously reported by other 
groups that supported the conclusion that DNA origami display enhanced DNA stability 
against the action of several endonucleases and exonucleases in purified solutions, in 




Figure 2.3. Triangular DNA origami treated with the MspI restriction enzyme and analyzed with 
atomic force microscopy (AFM). A) Schematically, the triangular DNA origami is self-assembled 
and purified from the DNA staples in excess (by centrifugation following addition of PEG in 
solution). Then the purified nanostructures are incubated with 10 units of MspI for 1 hour at 
37˚C. Finally, 10 µL of treated DNA origami are loaded on a freshly-cleaved Mica surface to 
permit topographic imaging of the DNA origami with AFM. B) AFM micrograph of purified 
triangular DNA origami (control). C) and D) AFM micrographs of triangular DNA origami treated 
with MspI enzyme and acquired at different scan sizes. Color code: the brighter is higher. The 
results show no evident structural defects caused by the enzymatic reaction. 
Similarly, also the use of native gel electrophoresis (e.g. AGE.), which has been 
extensively applied to characterize the synthesis quality and yield of DNA 
nanostructures [15,16], would unlikely permit the detection of such highly spatially 
localized, enzymatic modifications of the DNA scaffold backbone. So, the visualization 
of nanometric structural changes in DNA origami objects is a challenging task. For 
instance, the Dietz’s group has developed a hybridization assay based on the use of 
fluorescently labeled, de-Bruijin probes aimed at quantifying the incorporation 
efficiency of DNA staples within DNA origami objects. Their primary scope was 













































and b-actin—expressed in the murine progenitor
B cell line (7, 8). A sequence not found in the
mouse genome was added as a control. Twelve
copies of each probe were arranged into each line
on the tile, with an interprobe distance within the
lines of 5 nm and a spacing between the lines of
20 nm (Fig. 1A). Six copies of the control probes
form a shorter line on the left side of the tile. An
“index spot”was placed in the top left corner.We
used six of the 28-nucleotide-long dumbbell-
shaped structures [described elsewhere (6)] as
“permanent” features to break the symmetry of
the tile, so that the images of the tiles could be
oriented unambiguously. Detailed sequences of
the probes, control, and indexes can be found in
the supporting online material (9).
The tiles were self-assembled in solution: We
used the single-stranded M13 viral genome scaf-
fold strand to nucleate both the probe-modified
and nonmodified helper strands. An aliquot of
the solution (2 ml) was dropped onto the mica
surface for AFM imaging (Fig. 1B). In our probe
design, selected pairs of neighboring helper strands
are modified so that each contains a single-
stranded fragment of 20 nucleotides that protrudes
out of the tile surface (Fig. 1C). Each dangling
single strand in the pair serves as a half-probe for a
single RNA target of 40 bases. Upon hybridization
of the target to a pair of half-probes, the strands
form a stiff V-shaped structure [see (9) for mo-
lecular dynamics simulation]. This local stiffening
is readily sensed mechanically with an AFM can-
tilever and appears in the image as local high-spot
(Fig. 1C). We have tried various different probe
designs (9), and this V-shaped junction design
provides the best AFM signal of target binding.
In a test of the initial design, tiles with all
three probes and a control (Fig. 1A) were as-
sembled with 10 nM of the M13 viral genome as
the scaffold strand and a fivefold excess of short
helper strands. Because the existence of the ex-
cess helper strands (some of which contain the
probe sequences) will interfere with the target
hybridization, the tiles were purified with Micro-
con centrifugal filter devices [MWCO 100,000
(Millipore, Bedford, MA)] to remove the small
oligonucleotides. We adjusted the final concen-
tration of the tile by using optical absorption at
260 nm. We then mixed 10 nM of the tiles with
600 nM {a [probe]/[target] ratio of 1:5} of each
of the three different targets. AFM images of
these hybridized tiles revealed that the target
hybridization depends strongly on the probe
positions in the tile. The probes on the edge (b-
actin at position 3) give the best hybridization
efficiency, whereas the probes in the middle of
the tile (Rag-1 at position 1) give the worst bind-
ing efficiency (fig. S5).
To confirm that this positional effect does not
depend on the sequence of the probes, we put the
same probes with the worst binding (Rag-1) at all
three positions and found again that the probes on
the edge (position 3) gave the best hybridization
efficiency (Fig. 2 and fig. S6). Because electric-
charge repulsions between the target and the
underlying tile, as well as repulsions between
probes, are stronger in the middle of the tile than
at the edge of the tile, and because steric hindrance
is weakest at the tile’s edge, these factors pre-
sumably play a role in our observed results. In the
DNA microarray, interprobe spacing is not
controlled at the single-molecule level. Hybrid-
ization on a solid surface is not only kinetically
slow but also less efficient (10, 11). Our probe tile
design now permits the study of the positional
effect of probes on their efficiency of target bind-
ing. The precise interprobe-distance control and
the hybridization in solution also make the bind-
ing kinetically fast, with full hybridization within
30 min with no stirring at room temperature.
The self-assembling nucleic acid tile (12–14)
allows accurate control of probe placement (15, 16).
We designed four different bar-coded tiles (Fig.
3A), each of which carried a line of probes: one
for each of the three targets and one as a control.
The probes were placed along one edge of the
tiles to optimize the hybridization efficiency, and
a bar-coded region was added, in which combi-
nations of different index geometries were used
to distinguish the tile. An equimolar mix of the
four types of tiles was used for simultaneous
multiplex detection. Typical AFM images (Fig. 3A,
middle panel) show that each bar-coded tile can be
distinguished by its own bar code, without targets.
We used these bar-coded probe tiles to test the
detection of single and multiple targets (Fig. 3, A
and B, and fig. S9). The detection of the three
different targets is highly specific, with no
binding of the control sequence. Each probe also
serves as a control for the other two probes and
















Stiffened probe with target
Drop
Fig. 1. (A) (Left) Schematic layout of the indexed nucleic acid probe tiles bearing three different probes
(for targets Rag-1, C-myc, and b-actin) and a control probe. A simple, rectangular-shaped DNA origami
tile was used, in which a circular single-stranded M13 viral DNA (black lines), composed of 7249 bases, is
folded and stapled, with the help of >200 short synthetic DNA strands, to form the desired two-
dimensional (2D) tile. Helper strands without probe modifications are shown (gray lines), and helper
strands modified with probe sequences and control sequences are shown in different colors. This
rectangular-shaped probe tile has dimensions of 90 nm by 60 nm. Twelve copies of the specific probes are
spaced at 5-nm intervals in a line, and lines of probes are separated by 20 nm. Six control probes are
arranged in a shorter line. An index spot, composed of six closely packed dumbbell-shaped bulge loops at
the top left corner, is designed to give the AFM topological feature with which to orient the AFM image of
each individual tile. (Right) Tilted view of the tile (drawn in DNA helix style) to illustrate the 3D view of the
probe tile layout. (B) Illustration of the process (not drawn to scale) for the use of probe tiles for target
detection. Probe tiles are self-assembled in solution, hybridized with targets, and then dropped onto the
mica surface for AFM imaging. (C) Probe design and detection mechanism. A pair of neighboring helper
strands is extended out of the surface of the tile, with each 20-base-long extension bearing a half of the
target sequence. These single-stranded probes are flexible and do not produce a visible feature under AFM
imaging. Upon target hybridization with the pair of half-probes, the double helix of the DNA-RNA duplex
forms, and the stiffer V-shaped junction is readily detected with the AFM cantilever.

































































































































nanostructures for design optimization and mass production [20]. Remarkably, the lack 
of a staple in a DNA origami is likely to introduce a stronger structural defect than the 
cleavage of two phosphodiester bonds, which we need to detect in this work in order to 
study the action of restriction enzymes.  
Therefore, we seek an optimized, high-throughput methodology to accurately 
study the behavior of eleven restriction enzymes in DNA origami that display several 
restriction sites for each enzyme. The approach followed in this work is to melt the 
enzyme-reacted DNA origami to separate its ssDNA components and detect the 
fragments of the M13 scaffold as depicted in Figure 2.4A. In fact, since the selected 
restriction enzymes can find less than 30 sites distributed over the >7000-nt-long M13 
scaffold, the fragments are quite long (as graphically anticipated in Figure 2.2E), and 
therefore can be detected with gel electrophoresis (see Methods). For example, a 
single cleavage would transform the circular M13 scaffold into a linear strand; two 
cleavage events on the same DNA origami would produce two distinct fragments of the 
scaffold, and finally a complete digestion of the inherent sites would fragment the 
scaffold as it occurs in a fully unfolded dsDNA form. 
Of note, following a similar approach, one could chose to analyze restriction 
reactions in DNA origami by detecting fragments of the inherent staples rather than 
scaffold. In fact, in DNA origami all restriction sites are formed by the hybridization of 
the scaffold with one or two staples. By following such an approach however, it 
requires to cope with the fact that the length of such staples is in the narrow range of 
32 - 42 nt. This brings primary limitations in the use of gel electrophoresis for detecting 
staple fragments. In fact, gel electrophoresis is inaccurate for detecting DNAs that 
differ in sequence and have the identical length, and in addition, staples modified by 
enzymes would likely be as short as other unmodified staples in the background. An 
optimized approach to detect staple fragments produced by restriction reactions is 
underway in our laboratory, primarily involving polymerase chain reactions (PCR) or 
DNA sequencing, but will not be discussed in this thesis. 
Figure 2.4B shows the results of a set of pilot experiments involving the 
structures depicted in Figure 2.2, which was carried out to explore the possibility of 
studying an enzymatic restriction reaction by detecting the inherent M13 scaffold 
fragments. After the self-assembly of both triangular and rectangular DNA origami 
objects with the standard protocol, the structures were purified from the staple excess 
used for promoting their formation as described above (see Methods). Such purification 
step is essential as it permits to remove background DNA molecules that contain 
restriction sites and which would therefore participate to the enzymatic reactions. The 
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enzymatic reactions were performed in solution at 37˚C, with the DNA substrate at 10 
nM concentration and 10 units of enzyme (one at a time among BamHI, DraI, Hin1II, 
NlaIII, BsuRI, HaeIII, MspI, RsaI, Hyp4CHIV, HhaI and AluI) in 50 µL of reaction 
volume. The reactions were stopped after 1 hour with freezing obtained by incubating 
the reaction solution at -80˚C for 20 minutes. After stopping the reaction, all the DNA 
nanostructures were thermally denatured at 95°C for 3 min, followed by thermal shock 
obtained by incubating the sample into ice for at least 5 min to permit the irreversible 
dissociation of scaffold fragments from the initial, folded conformation. The enzymatic 
reactions products were analyzed with agarose gel electrophoresis. The use of dsDNA 
molecular weight markers allows estimating the molecular weight of the M13 dsDNA 
fragments.  
Figure 2.4B shows that for each enzyme, the fragmentation pattern relative to the 
circular M13 dsDNA coincides with the expected pattern that was calculated from the 
M13 sequence using the open access software NEBcutter V.20  
(http://nc2.neb.com/NEBcutter2/) that are not shown in this thesis. This finding 
demonstrates that reaction conditions permit the complete enzymatic degradation of 
the circular dsDNA, and that the inherent restriction sites are fully accessible. In turn, 
this dsDNA molecule serves as accurate control. Figure 2.4B also shows that for each 
enzyme we obtain different fragmentation patterns depending on the DNA origami 
shape. For both DNA origami objects, certain enzymes can reach and process several 
restriction sites of the M13 scaffold, as it is evidenced by the presence of multiple 
bands in the gels in Figure 2.4B. In particular, the range of molecular weights of the 
M13 fragments produced by the action of Hin1II on the rectangle, and of HaeIII, BsuRI, 
MspI, RsaI, HhaI and AluI on both shapes is higher than of the fragments generated by 
the action of the same enzymes on the circular M13 dsDNA. This observation suggests 
that several restriction sites within both DNA origami objects are inaccessible to the 
corresponding enzymes. In certain cases all sites are inaccessible as evidenced by the 
fact that the action of Hin1II on the triangle, BsuRI on the rectangle, and BamHI, DraI, 
and NlaIII on both shapes produces single gel bands that coincide with the results of 
the control experiments lacking the enzymes during reactions.  
In turn, the results shown in Figure 2.4B demonstrate that the stability of DNA 
nanostructures to the action of endonucleases cannot be established univocally. In 
fact, although the length of the fragments associated with fully restricted M13 can be 
estimated from the gel bands, an accurate determination of which sites are enzyme-
accessible in a background of non-accessible sites is a challenging task to achieve 
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Figure 2.4. Effects of restriction reactions on two-dimensional DNA origami. A) Schematic 
illustration of the approach adopted to detect enzymatic modifications within DNA origami 
objects. The self-assembled DNA origami objects were treated with the different enzymes at 
37˚C for 1 hour, following purification of the DNA origami-containing solutions from background 
DNA molecules. The solution is then thermally treated to dissociate the DNA origami objects in 
their single-stranded DNA components. The sample is then analyzed with electrophoresis on a 
1% agarose gel (AGE). B) The AGE analysis of reaction products for the triangular and 
rectangular DNA origami, and the circular M13 dsDNA for each of the 11 enzymes investigated 
in this study. For each case, the control experiments are carried out under identical conditions 
and lacking the enzyme. In this case, the reactions produce a constant migration pattern that is 
compatible with the unmodified scaffold. In particular, for the triangle and the rectangle there is 
a single gel band, while for the M13 dsDNA two distinct bands are seen. Here, the lower 
mobility band (top) corresponds to the relaxed circular dsDNA, while the higher gel mobility 
band (bottom) corresponds to the supercoiled form of the M13 dsDNA. For each enzyme, the 
fragmentation pattern of the circular M13 dsDNA coincides with the pattern expected for the 
cleavage of all the inherent restriction sites, indicating no stable folding of this form of the M13 
DNA, which in turn can be used as control. Surprisingly, the effects of restriction reactions are 
changing between the triangular and the rectangular DNA origami. For the triangle, BamHI, 
DraI, Hin1II and NlaIII cannot generate multiple M13 fragments, while BsuRI, HaeIII, MspI, RsaI, 
Hyp4CHIV, HhaI and AluI generate several fragments. For the rectangle, a single fragment is 
found for BamHI and DraI, while Hin1II, BsuRI, HaeIII, MspI, RsaI, Hyp4CHIV, HhaI and AluI, 
demonstrate extended digestion of the inherent restriction sites. e = entire scaffold; f = 
fragments of the scaffold; st = staples involved in DNA origami self-assembly. 
are >1000 bases in length and therefore they could derive from the cleavage of 
different combinations of restriction sites. Accurate sequencing of the enzyme products 
would allow mapping the fragments, although the task cannot be easily approached 
with current sequencing platforms. In fact, the available technologies allow sequencing 
DNA fragments of only a few hundreds nucleotides in length. In turn, the M13 
segments should be further fragmented and complex bioinformatics analysis should be 
performed to reconstruct the sequence of the enzyme-produce segments by alignment 
of the shorter reads. In addition, validating such a method would require the generation 
of several M13 fragments with different lengths. A valid alternative could be the 
sequencing of the DNA scaffold fragments produced with nanopore technology. 
Regardless the limitation described above, the gel electrophoresis results shown 
in Figure 2.4B provide qualitative information on enzyme-DNA interactions in the DNA 
origami. Almost all investigated enzymes having a 4-bp-long restriction site (i.e. Hin1II, 
BsuRI, HaeIII, MspI, RsaI, Hyp4CHIV, HhaI and AluI) are able to fragment the DNA 
scaffold, while the action of the two only enzymes having 6-bp-long sites is fully 
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inhibited in both nanostructures. In turn, Figure 2.4B suggests that the length of the site 
could affect the enzyme interaction with DNA origami objects. Restriction enzymes 
require the formation of a stable complex with dsDNA, and, in turn, the internal 
structure of the investigated 2D DNA origami objects comprised of 16-bp-long dsDNA 
segments could strongly affect enzyme’s action. For example, structural studies of 
MspI and BamHI restriction enzymes in complex with DNA substrates revealed that the 
DNA region interacting with the enzyme is longer than the site length, i.e. 7 bp for MspI 
and and 11 bp BamHI [11,12]. In addition, a study on HindIII suggested that the enzyme 
binds at least two uninterrupted turns of the DNA helix to carry out the cleavage (i.e. 21 
bp) including its 6-bp site [13]. Therefore, it is likely that presence of 16-bp-long DNA 
segments within DNA origami (corresponding to approx. 1.5 helical turns) challenges 
the inherent action of the two investigated enzymes with restriction sites of 6 bp 
(BamHI and DraI). 
Figure 2.4B also illustrates differences in the action of isoschizomers, i.e. REs, 
which recognize and cleave the same sequence. BsuRI and HaeIII apparently 
produced the same fragmentation pattern in the triangle, with a slightly lower intensity 
of the gel bands relative to BsuRI. The action of the two enzymes, however, changes 
dramatically in the rectangle. In this case, HaeIII is able to cleave several restriction 
sites that are unaffected by BsuRI. The conclusions of a study on the behaviors of the 
isoschizomers HaeIII and BsuRI published by Wolfes and co-workers [21] suggest a 
possible interpretation of our results. They explain that the two enzymes have different 
binding mechanisms, as HaeIII would interact with both major and minor groove of the 
DNA duplex, while BsuRI would mainly bind in major groove [21]. Within DNA origami 
objects, therefore, it seems that enzymes that strongly interact with their sites are 
favored in cleaving them. 
The second couple of investigated isoschizomers is Hin1II and NlaIII. Figure 2.4B 
shows that NlaIII can cleave none of the shapes, while the action of Hin1II can be 
successful only in the rectangular DNA origami. To our knowledge, there are not 
published studies of the mechanism of action of Hin1II and NlaIII. Following our 
analysis for HaeIII and BsuRI isoschizomers, it seems that Hin1II interacts with higher 
number of interactions (e.g. major and minor groove of DNA) while NlaIII could interact 
with fewer numbers of interactions (e.g. minor groove or major groove of DNA).  
In conclusion, the analysis of the fragmentation pattern of the circular M13 
scaffold as a function of the shape of the DNA origami objects treated with the same 
enzyme reveals that within DNA origami, restriction site accessibility for Hin1II, BsuRI, 
HaeIII, MspI, RsaI, Hyp4CHIV, HhaI and AluI depends on structural factors that are 
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inherent to the nucleic acid nanosystems. Thus, the same site along the primary DNA 
sequence of the scaffold could be accessible in one 2D DNA origami object and 
inaccessible in the other. Based on the fact that 1) overall structural properties such as 
DNA planar density, and regularity of the DNA texture is substantially shape-
independent, while 2) the spatial distribution of sites can greatly vary from shape to 
shape, it is likely that the underlying differences in restriction site accessibility are 
















2.3 The action of HhaI restriction enzyme in the DNA origami 
triangle – a study with single-site resolution  
To examine which factors are involved in controlling site accessibility we 
designed an approach aimed at simplifying the number of variables involved in 
restriction reactions. Given the similar behavior of restriction enzymes with 4-bp-long 
sites, we focused on a single enzyme and one DNA origami shape (i.e. HhaI and the 
triangle, as it will be explained below). In the following paragraphs I will discuss the 
results and the motivations that led to our strategy. 
It is known that restriction enzymes can possess the ability to process the single 
stranded DNA. This however is typically associated with a reaction rate much lower 
than that of dsDNA processing [22,23]. However, this ability could introduce a fraction of 
DNA origami objects that contain a few restriction sites in which only the staple strand 
is fragmented, while the site sequence on the scaffold is unmodified. Such a cleavage 
event, although unlikely, could not be detected with our method. We examined 
therefore the action of our investigated enzymes on the circular M13 ssDNA scaffold. 
We added the DpnII enzyme as control. Figure 2.5 shows the results obtained by 
incubating the M13 ssDNA with each enzyme for 1 hour at 37˚C. Reaction products 
were denatured with thermal treatment as described above, and immediately analyzed 
in 4% polyacrylamide gel electrophoresis in denaturing conditions with 8 M urea.  
The gel shows that BsuRI, HaeIII, AluI, MspI, RsaI and Hyp4CHIV are able to 
cleave ssDNA into several fragments. HhaI, DraI, Hin1II, DpnII, BamHI and NlaIII 
instead produce a single gel band with electrophoretic mobility similar to that found in 
the control experiment, indicating that such enzymes substantially lack the ability to 
cleave ssDNA. Our findings are in agreement with previous studies of HaeIII [22,24], 
MspI [25] and HhaI [26]. Restriction enzymes framed in black in Figure 2.5 are those that 
can cleave at least one of the two DNA origami objects. HhaI and Hin1II are the only 
enzymes that can exclusively process dsDNA and also can process restriction sites in 
the DNA origami objects.  
The action of HhaI and CfoI isoschizomers on GCGC site was investigated in a 
previous study [26]. The Authors utilized and designed single stranded DNA oligomers 
to contain the GCGC site and to inhibit the formation of stable duplex DNA segments in 
solution during enzymatic reactions. They found that both enzymes are unable to 
cleave the ssDNA substrates. Interestingly, they also demonstrated that HhaI can 
cleave long ssDNA substrates containing multiple sites with a reaction rate higher than 
its isoschizomer CfoI. They argue that such enhanced activity of HhaI is likely 
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associated with its ability to complex with transient duplex sites that form as a 
consequence of the presence of several restriction sites on the same long ssDNA 
molecule [26]. In fact, the sequence of a type II restriction site is palindromic, i.e. it 
coincides with its complementary sequence [13]. 
In Figure 2.5 however HhaI has a negligible activity on ssDNA M13 scaffold 
compared to others and looks a good candidate for our experiments. In addition, 
compared to other investigated restriction enzymes that are unable to process the 
circular M13 ssDNA scaffold, 1) HhaI has the highest number of restriction sites (26, 
see Figure 2.2) in the M13 sequence, and 2) its action is particularly effective on 
triangular DNA origami as it produces a major fragmentation pattern (see Figure 2.4B).  
 
 
Figure 2.5. The action of the investigated REs on the circular M13 ssDNA scaffold alone. The 
circular M13mp18 ssDNA was incubated for 1 hour at 37˚C with 10 units of BsuRI, HhaI, DraI, 
HaeIII, AluI, Hin1II, DpnII, BamHI, MspI, RsaI, NlaIII and HpyCH4IV. Control experiments were 
carried out by incubating M13 ssDNA under identical conditions but lacking enzymes. The 
reaction products were analyzed with 4% polyacrylamide gel electrophoresis in denaturing 
conditions (8M Urea). BsuRI, HaeIII, AluI, Hin1II, MspI, RsaI, Hyp4CHIV (framed in black) are 
able to fragment the DNA origami objects , while HhaI, DraI, DpnII, BamHI and NlaIII are not. 
We utilized HhaI to study the stability of restriction sites as a function of time. The 
results on HhaI kinetics are shown in Figure 2.6. The experiments were performed 
incubating 10 units of HhaI enzyme with M13 dsDNA, triangular DNA origami and 




































protocol. This includes thermal denaturation of the DNA origami objects after stopping 
the enzymatic treatment, and the analysis of DNA scaffold fragments performed with 
electrophoresis in 1% agarose gel. The fragmentation of the circular M13 dsDNA was 
analyzed in gel immediately after stopping the enzymatic treatment, i.e. without thermal 
denaturation of the reaction products. Figure 2.6A shows that M13 dsDNA is degraded 
after 15 minutes of incubation, and the fragmentation pattern is constant for all the 
investigated incubation times. Figure 2.6B-C show that, similarly to Figure 2.6A, 15 
minutes of incubation time are sufficient to produce the fragmentation patterns of the 
two DNA origami objects found in Figure 2.4B. For the rectangle in Figure 2.6C, the 
intensities of the inherent gel bands weakly depend on the incubation time, with the gel 
bands corresponding to lower molecular weights that become more intense as a 
function of time. 
For the triangle in Figure 2.6B, and incubation time between 15 minutes and 2 
hours, the gel displays very similar fragmentation patterns comprised of all the 5 major 
gel bands found in Figure 2.4B. Like for the rectangle, the gel bands corresponding to 
lower molecular weights become more intense as a function of time. Overnight 
incubation (14 hours) yields three distinct gel bands (with lower molecular weights) that 
partially overlap with the fragmentation pattern found for shorter incubations. In 
particular, one band appears at 2 h and becomes very intense after 14 h.  
In the triangle the enzyme-accessible sites are mostly digested already after with 
15 minutes. In turn, for those sites, the enzyme processivity in the DNA origami must 
be as high as in the M13 dsDNA. In contrast, the results shown in Figure 2.6 
demonstrate that several restriction sites are irreversibly protected during the 
enzymatic reaction. This directly derives from the great difference between the 
saturated fragmentation patterns relative to the two DNA origami objects and that of 
the dsDNA control. In turn, our results indicate protein-nucleic acid interaction involved 
in the enzymatic reaction of HhaI digitally depends on structural constrains. As the 
enzymatic reaction proceeds, the occurrence of multiple cleavage events on the same 
M13 molecule (regardless its type of folding) leads to depletion of the fragments with 
higher molecular masses, towards the formation of the fragmentation pattern relative to 
overnight incubation. The reaction on the M13 dsDNA, however, reaches completion in 




Figure 2.6. HhaI kinetics with DNA origami objects. (A) (top) Schematics of the M13 dsDNA 
and the inherent HhaI sites. (bottom) M13 dsDNA was incubated for the indicated amount of 
time at 37˚C with HhaI. The reaction products were separated in a 1% agarose gel. Control 
experiment was performed under identical conditions, but lacking the enzyme. (B-C) (top) 
Schematics of the triangular and rectangular DNA origami, and their inherent HhaI sites. The 
objects were incubated for indicated amount of times at 37˚C with 10 units of HhaI. After the 
reaction, the structures were melted by thermal denaturation and the reaction products were 
separated in a 1% agarose gel. 
Restriction enzymes find their targets through two different mechanisms, i.e. 
either via three-dimensional enzyme diffusion in the reaction volume, or via one-
dimensional diffusion (sliding) along the DNA molecule that contains the target 
sequence. In addition, short-range intramolecular “hopping” can contribute to the 
facilitated diffusion [27]. In this way restriction enzyme can sample many sites within the 
same dsDNA molecule, and an optimal length of approximately 100 bp was estimated 
to maximize enzyme performance [27]. These mechanisms explain the fast HhaI 
restriction on M13 dsDNA in our experiments, but do not explain our results with DNA 
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DNA origami object is comprised of several 16 bp long dsDNA segments, which are 
expected to strongly inhibit the 1D enzyme diffusion. In turn, restriction enzymes 
interacting with DNA origami objects spend a significant amount of time in associating 
with and dissociating from DNA. In addition the cross-section of a M13 dsDNA 
molecule is likely bigger than that of a DNA origami objects because the DNA density 
in a DNA origami is the highest possible. In turn, an enzyme molecule may need too 
much time to find and bind to a DNA origami object. 
To determine which sites are cleavable in the DNA origami objects we started 
from mapping the exact position of each HhaI site within the DNA origami objects as 
previously shown in Figure 2.2. Such an analysis was carried out using the graphical 
model of the nano-objects generated with the software that we used to design DNA 
origami objects, Cadnano [28]. This will permit a straightforward evaluation of the 
structural constrains that may have a role in determining the accessibility of restriction 
sites. The obtained map of HhaI restriction sites within the triangular DNA origami is 
schematically shown in Figure 2.7. For a high-resolution version that includes the 
explicit sequences of scaffold and staples see the appendix. Here, the HhaI sites were 
indexed in ascending order along the scaffold starting from its 5’ end. The starting point 
for the enumeration is indicated in Figure 2.7. According to such indexing, sites 1 to 20 
are located within the triangular shape, whereas sites 22 to 26 are located in the 
single-stranded, unstructured segment of the scaffold depicted as a loop in Figure 2.7. 
Site 21 is half within the structure and half unstructured. 
Second, we generated simple, two-dimensional diagram depicting a region comprising 
three adjacent DNA duplexes of 32 bp (i.e. approx.  6nm x 11nm, respectively), as 
shown in Figure 2.8. Each diagram has one restriction site nearly in the center, and 
includes DNA origami objects structural features such as nicks, and crossover 
junctions along the inherent duplexes. Figure 2.8B shows that site 7 is involved in a 
crossover junction in the rectangle, while the same site is located within a duplex 
segment in the triangle. Since holiday junctions are known to inhibit the action of 
endonucleases, the diagrams described in Figure 2.8 suggest that restriction sites 
affected by major structural constrains are likely inaccessible to restriction enzymes. 
Similarly, other structural constrains may emerge within DNA origami objects that 




Figure 2.7. Schematic map of HhaI restriction sites in the triangular DNA origami. The sites are 
indexed in ascending order from 5’ to 3’, starting from the first nucleotide incorporated within the 
triangular shape (see the black dot). Solid green circles indicate restriction sites in which the 
scaffold is hybridized to one or more staples, while open green circles indicated sites located on 
the single-stranded region of the M13 scaffold.  
In the following paragraph I will describe the experimental approach that we 
designed to analyze the enzyme-accessibility of restriction sites with single-site 
resolution. In addition, I will focus on the triangular structure because it provides clearer 
results with the agarose gel analysis shown in Figures 2.4 and 2.5. We anticipate that 
the approach consists in systematically turning off all but one the restriction sites within 
a DNA origami. This is achieved by 1) introducing a mismatch in the sequence of the 
restriction site in the staple strand that participates in forming the dsDNA site,  
























Figure 2.8. Diagrams representing the regions surrounding HhaI restriction sites within the 
investigated DNA origami objects. (A) On the left is shown a molecular illustration of a region of 
approximately 6nm x 11nm within a DNA origami object, obtained with DNA origami builder 
(Cadnano, top) and with a most established software tool for predicting the structure of DNA 
origami objects (CanDO, bottom) (see Methods). The restriction site (framed in blue) is nearly in 
the center of a duplex segment of 16 bp (1.5 helix turns) between two crossover junctions with 
opposite directions. The corresponding diagram is shown on the right. Here, dsDNA segments 





the inherent base pairs. Crossover junctions are illustrated as black lines connecting two 
adjacent dsDNA segments. Nicks are indicated by the indentations along dsDNA segments. (B) 
Diagram corresponding to site 7 (highlighted in green) in the rectangular DNA origami. Here, 
site 7 is formed by three DNA strands. Two are staples involved in a crossover junction. (C) 
Diagram corresponding to the same site 7 (highlighted in green) in the triangular DNA origami. 
Here, the site is located in a dsDNA segment. 
and 2) exploiting the specificity of HhaI for dsDNA restriction sites. A prior analysis was 
dedicated to study the effect of changing one or two central nucleotides in the site of 
short duplexes using this approach. The results of the experiments are not show in this 
thesis, because we straightforwardly found that changing one nucleotide within the site 
is sufficient to inhibit HhaI enzyme action. Unpublished data from our group, however, 
revealed that the restriction enzyme BamHI is able to cleave a mutated, 6-bp-long site 
in surface-bound, densely packed DNA nanostructures. Similarly, triangular and 
rectangular DNA origami objects are comprised of dsDNA molecules that are densely 
packed, although only in two dimensions. To make sure that HhaI enzyme is fully 
inhibited within our modified restriction sites, we mutated two inherent nucleotides. 
Figure 2.9A shows that we generated a modified version of the triangular DNA 
origami object that we termed “all-OFF”, and which has all HhaI sites turned off. We 
mutated the HhaI site from the native form 5’-GCGC-3’ by changing the sequence into 
5’-GATC-3’ on the staple strand. Also, we turned off all the HhaI sites within the loop 
using opportunely designed complementary strands (see Appendix) with mutated sites. 
Figure 2.9B shows the unmodified version of the triangular DNA origami that we 
termed “ON”. The all-OFF triangle was assembled by incubating a mixture containing 
(i) the mutated DNA staple strands that hybridize to a site, (ii) all the other, unmodified 
strands not involved in the formation of HhaI sites, and (iii) the circular M13 ssDNA 
scaffold. The all-OFF and all-ON DNA origami objects were self-assembled and 
purified with established protocols (see Methods). Next, the objects were incubated 
with HhaI enzyme for 1 hour at 37˚. The reacted DNA origami objects were melted with 
thermal treatment and were separated and analyzed with AGE. The results in Figure 
2.9C show that the reaction with the all-OFF triangular DNA origami produces a single 
gel band that is identical to the one obtained in the control experiment (lacking the 
enzyme), while with the all-ON version we obtained results comparable to those in 
Figure 2.4 and 2.6. These findings demonstrated that we found a consistent approach 
to turn off site reactivity within DNA origami objects. 
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Figure 2.9. Methodology adopted to silence HhaI sites within DNA origami objects towards 
examining one site at a time. (A) Schematic illustration of the all-OFF triangular DNA origami 
that has all the inherent HhaI sites tuned off. The inset shows the mismatch introduced in the 
site within the staple strand to inhibit HhaI action. (B) Schematic illustration of the all-ON 
triangular DNA origami that has all HhaI sites correctly formed, while the sites within the loop 
are left in the single stranded form (and can hybridize with each other). The inset shows the 
unmodified HhaI site. (C) The picture shows the results for all-ON and all-OFF versions of the 
triangular DNA origami treated with HhaI enzyme. The enzymatic reactions were performed with 
10 units of HhaI for 1 hour and at 37˚C. Afterwards, the structures were melted and than 
analyzed with 1% agarose gel. The control experiment was treated under identical reaction 
conditions but lacking the enzyme. 
Following the approach introduced in Figure 2.9, we probed one by one the 
accessibility of all the HhaI sites within the triangle. Figure 2.10A shows the modified 
DNA triangle designed to test the accessibility of site 7. Here, only site 7 is correctly 
formed while the other sites are mismatched. In addition we activated a single site 
within the loop for reference. Such DNA origami was self-assembled by incubating a 
mixture containing (i) the staple strand carrying the correct sequence that hybridize to 
site 7 in the scaffold, (ii) all the other staple strands carrying the mismatched sequence 
to turn off all the other HhaI sites, (iii) all the unmodified strands not involved in forming 
HhaI sites, (iv) a set of additional DNA strands designed to hybridize in the loop to form 
the reference active site (site 24) and turn off the remaining sites (i.e. 22, 23, 25, and 
26, see Figure 2.7), and (v) the circular M13 ssDNA scaffold. By varying the 
composition of the staples in such mixture, we selectively turned on and off the 
reactivity of HhaI restriction sites one by one.  
Following this approach, any unreactive site cannot be cleaved (even when it is 
accessible to the enzyme), while the cleavage of a reactive site depends only on its 
intrinsic accessibility to HhaI enzyme. In turn, we generated modified DNA origami 
versions enabling a systematic analysis of HhaI sites accessibility within triangular 
DNA origami.  
HhaI site switched OFF 
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Figure 2.10. Measuring site accessibility of HhaI sites in triangular DNA origami with single-site 
resolution. (A) Schematics of the modified DNA triangle with a single, active HhaI site (i.e. site 
7, green-filled circle) in the structure along with the reference in the loop (site 24, blue-filled 
circle). The other HhaI sites are silenced (red filled circles). (B) Schematic representation of the 
circular DNA scaffold used to form DNA origami with superposed HhaI sites with color code 
defined as in (A). The cleavage of sites 7 and reference produces two fragments with 
complementary lengths. (C) Results of the experiments for determining the site accessibility of 
HhaI sites within the DNA origami triangle with single-site resolution. For each lane, the 
activated site is indicated on the top of the gel. Near each band in the gel, the expected lengths 
of the fragments are indicated. The modified triangular DNA origami objects were incubated 
with 10 units of HhaI enzyme for 1 hour and at 37˚C. After the reaction, the structures were 
melted by thermal denaturation and the reaction products were separated in a 1% agarose gel. 
(D) The table shows the results of three repeats of the same array of experiments. The darker 
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The detection principle is described in Figure 2.10B. Here, the DNA scaffold is 
represented as a circular strand, and the HhaI sites are represented by circles with the 
same color code of Figure 2.10A. During the reaction, HhaI enzyme cleaves the 
reference site and introduces the first discontinuity in the scaffold, which linearize its 
sequence. If the tested site is accessible a second cleavage occurs that splits the 
scaffold in two fragments of complementary lengths that are visible in the gel. 
The modified triangular DNA origami objects were self-assembled and purified 
with established protocols (see Methods). The purified DNA origami objects were 
incubated with 10 unit of HhaI for 1 hour and at 37˚C. The reactions were stopped by 
incubating samples for 20 minutes at -80˚C. The reacted DNA origami objects were 
denatured with thermal treatment, and analyzed by agarose gel electrophoresis. 
Figure 2.10C shows the results of our site-by-site examination of DNA accessibility in 
the triangle. The gel in the figure shows that only sites 4, 7, 16 and 19 are clearly 
cleaved, while all the others are clearly unmodified by HhaI enzyme. Also, the bands 
relative to longer fragments generated by the enzymatic fragmentation of the M13 
scaffold have different intensities, suggesting that different levels of accessibility may 
occur. A qualitative analysis based on band intensities allows ordering the restriction 
sites as a function of the enzyme product: site 4, site 7, site 16 and site 19. 
We checked the specificity of the detected bands using the linear map of the HhaI sites 
shown in Figure 2.11. Using this tool, we calculated the length of the two M13 
fragments that should be produced by cleaving site 24 (i.e. the reference) and each of 
the accessible sites indicated in Figure 2.10C. The results are listed below: 
• site 4: 892 nt and 6357 nt; 
• site 7: 1760 nt and 5489 nt;  
• site 16: 2438 nt and 4811 nt; 
• site 19: 1222 nt and 6027 nt. 
A comparison of the expected fragments lengths and the height of the gel bands for 
each accessible site shown in Figure 2.10C indicates that the M13 fragments produced 
by HhaI enzyme match our expectations in each experiment. 
Figure 2.10D shows schematically the results of three repeats of the array of 
experiments associated with the gel in Figure 2.10C. We obtained reproducible results 
except for the site 4. In addition, in the two positive experiments for the site 4, it 




Figure 2.11. Mapping HhaI sites on a linear representation of the M13 DNA scaffold of the DNA 
origami triangle. For each site the map reports its index, and the distance from the starting point 
according to the criterion established in Figure 2.7. Shown on top are the portions of scaffold 
included within the structure and in the eternal loop. The sites identified in Figure 2.10 are 
highlighted in yellow. Below, are shown the fragments produced by cleaving all sites 7, 16, 19 
and 24 together with the corresponding length for each M13 fragment. Our nomenclature: F1-
7|16 indicates that fragment 1 is the fragment between sites 7 and 16. 
 
Figure 2.12 shows a comparison of the results of HhaI kinetics on the triangular DNA 
origami (Figure 2.6B) with the results obtained with single site resolution (Figure 
2.10C). The gel on the right in Figure 2.12, shows the fragments produced when a 
single site can be cleaved in the triangle. These bands serve as reference to estimate 
the lengths of the fragments associated with the 6 major gel bands that are produced 
by the HhaI reaction with the all-ON DNA origami triangle, shown on the left in the 
same gel. These bands are: 
• Band 1, ~1200 nt; 
• Band 2, ~1700 nt; 
• Band 3, ~ 3000 nt; 
• Band 4, ~ 4800 nt; 
• Band 5, ~ 6000 nt; 
• Band 6, ~ 7200 nt, corresponding to the linear or circular M13 ssDNA. 
 
In the gel on the left in Figure 2.12, the products of the 1-hour-long HhaI 
reaction with the all-ON DNA triangle are consistent with those found in the other gel 
(see right) in terms of gel bands number and intensities. Also, the three gel bands 
found after overnight incubation (see gel on the left) are already present after 1 hour of 
reaction.  
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(enz. name): ambiguous site


























































































In turn, we were able to estimate the lengths of such stable products: 
• Band 1, ~1200 nt; 
• Band 2, ~1700 nt; 
• Band 3, ~ 3000 nt. 
 
Figure 2.11 shows that the single stranded DNA loop of the all-ON triangle contains 5 
HhaI sites (22, 23, 24, 25, 26), which are very close. We calculated the secondary 
structures of the loop with the computation tool Mfold [29]. The results predict two 
possible foldings with ∆G of -24.62 kcal/mol and -23.47 kcal/mol, respectively. 
Furthermore, in both foldings, 2 fully duplex HhaI sites are formed (see Appendix). The 
formation of such secondary structures can be promoted by prolonging the incubation. 
In turn, the overnight incubation of the all-ON DNA triangle likely leads to a complete 
digestion of the restriction sites in the loop.  
  
 
Figure 2.12. Comparative analysis of the results obtained on the kinetics of HhaI and its site-
specific action in the triangular DNA origami. The experiments shown here are those described 
in Figures 2.6 and 2.10. On the right are shown the results from our investigation of HhaI site 
accessibility at single-site resolution. Here, the length of each fragment associated with gel 
bands for sites 7, 16 and 19 were calculated and displayed on the gel. The all-ON triangle 
incubated for 1 hour with HhaI leads to the six bands shown on the right in the same gel. The 
length of the fragment for each of such bands was estimated from the bands on the left, which 
correspond to fragments of known length. On the left are shown the results relative to the 
kinetics of HhaI on the all-ON triangle. The length of the stable fragments that emerge after 
overnight incubation were estimated from the gel on the left and coincide with the inherent 

































triangle ON 1 hour long incubation 
~	2400	nt	
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Figure 2.11 shows the calculated number of fragments and their lengths in the case 
that sites 7, 16, 19 and 24 (in the loop) of the all-ON DNA triangle are fully cleaved by 
HhaI (adding more cleaved sites in the loop would lead to negligible differences in the 
calculation): 
• Fragment 1 from 3’ end of site 7 to the 5’ end of site 16 (hereafter termed as F1 
7|16) = 3051 nt; 
• F2 16|19, 1216 nt; 
• F3 19|24, 1222 nt; 
• F4 24|7, 1760 nt. 
We compared these numbers with the estimated lengths of the fragments relative 
to the all-ON DNA triangle after overnight incubation, and found a good match with the 
fragments generated by cleaving sites 7, 16, and 19. In fact, Band 1 in Figure 2.12 has 
an estimated length of 1200 nt and is compatible with fragments F2 and F3 that have 
calculated lengths of 1216 nt and 1222 nt, respectively. Similarly, Bands 2 and 3 in 
Figure 2.12, with estimated lengths of 1700 nt and 3000 nt respectively, are compatible 
with fragments F4 and F1 that have calculated lengths of 1760 and 3051, respectively.  
These results indicate that sites 7, 16 and 19 are accessible in the unmodified 
triangular DNA origami, while site 4 is not (see Figure 2.13), although the single-site 
analysis shown in Figure 2.10 seems to suggest that it is. Figure 2.7 shows that the 
site 4 is located nearby the site 5 and 6. So it could be that the accessibility of site 4 
increases in our experiments with mismatched sites. In fact, the mismatches in sites 5 
and 6 introduce flexible DNA motifs that are absent in the unmodified DNA triangle, 
and which could contribute to a mechanical relaxation over or near site 4. 









With our experimental approach we unequivocally found that only sites 7, 16, and 
19 are fully accessible by the HhaI enzyme. Strikingly, our results demonstrate that in 
the nanostructure, the HhaI reaction behaves in a step-wise fashion with certain sites 
that are cleaved mostly after a few minutes of incubation and the others that remain 
stable for several hours. These results indicate that protein-nucleic acid interaction 
involved in the enzymatic reaction of HhaI digitally depends on structural constrains, 












2.4 Towards a predictive model of restriction enzyme action in 
two-dimensional DNA origami objects 
The results discussed in the previous sections substantially demonstrate that a 
DNA sequence within a 2D DNA origami object unless fully accessible to 
endonucleases is stable against their action. We found that site accessibility depends 
on the shape of the inherent DNA origami object, thus suggesting that site accessibility 
depends on merely structural properties inherent the DNA. We believe therefore that 
our results introduce the unprecedented possibility to digitally control a biochemical 
reaction in a DNA origami exclusively based on the inherent DNA structural features.  
DNA origami technology has led to an impressive progression of software tools to 
design and evaluate the physical properties of DNA origami objects. So far however, 
little information on the reactivity of DNA origami has been encoded in such tools. So, 
in the following section I will describe a model that was developed in our laboratory, 
and that consistently explains our results on the action of HhaI on the triangular DNA 
origami, as obtained with single-site resolution. The long-range goal is to develop a 
predictive model that allows designing DNA nanostructures with desired functional 
properties based on its stability against nucleases. 
Figure 2.14 depicts our approach based on the application of the simple 
diagrams already introduced in Figure 2.8 that schematically represent DNA molecules 
near restriction sites, including the inherent crossover junctions between adjacent 
dsDNA segments, and the nicks within such dsDNA segments. Such diagrams allow 
measuring the distance between each nucleotide of a restriction site and the nearest 
structural features (Figure 2.14A and B), and the spatial distribution of structural 
constrains and features with respect restriction sites (Figure 2.14C and see also Figure 
2.15) as well as the relative distance between these elements (Figure 15C). In addition, 
the diagrams allow detecting the presence of “unit cells” comprised of adjacent dsDNA 
segments that are joined by two consecutive crossover junctions. As shown in Figure 
2.15D, the width of such unit cell is of 32 bp (i.e. 3 helix turns) and is consistent with 
the structure of the B-DNA form. Within a unit cell, the orientation with respect to the 
plan of the 2D DNA origami of the nucleotides that form a restriction site can be easily 




Figure 2.14. Use of diagrams for studying the effect of local structural constrains on the 
reactivity of restriction sites in 2D DNA origami. This figure shows major structural parameters 
associated with restriction sites, using the diagram described in Figure 2.8. (A) Distance 
measured in bp between a restriction site and the nearest crossover junctions. For each 
restriction site, ∆XOmin is the minimum distance between each crossover and a starting or 
ending nucleotide of its 4-nt-long sequence. (B) Distance measured in bp between the center of 
a restriction site and the nearest nick along the site-containing dsDNA segment (∆Nick). (C) 
Conformation of the DNA segments adjacent to the site. Shown is a site flanked by a nick-
containing DNA segment and a fully formed dsDNA segment. In our nomenclature, this 
configuration is termed “N | site | ds”. (D) Size of the unit cells that contains a restriction site. 
Each site belongs to two adjacent cells with width of 32 bp (the cell at the bottom is shown in 
part). (E) Determination of restriction site orientation with the diagram representing the site. In 
2D DNA origami used in this study, the rotation angle between two consecutive base pairs (i.e. 
∆Nick = 5 nt ∆XOmin = 3 nt 
Neighboring DNA segments 
conformation pattern  N | site | ds 
(top segment | site | bottom segment) 
Nicked DNA segment 
(N) 









Neighboring unit cell length pattern 
32 nt | site |32 nt 
(top unit cell  | site | bottom unit cell ) 
 
8 nt 
Unit cell length 
1.5 helix turn, 16 bp 






two bars in the ladder model) is 3/16. In addition, the base pairs near crossover junctions are 
nearly parallel to the nanostructure surface (see also Figure 2.8A). The diagram on the right in 
panel E shows a dsDNA segment of 16 bp located between two consecutive crossovers, which 
correspond to 1.5 helix turns. An HhaI restriction site (5’-GCGC-3’) starts at 9 bp from the 
crossover on the left (in red). The blue squares in the schematic site are the phosphate groups 
over the inherent staple strand, and an arrow indicates their 5’à3’ direction. On the left, three 
circles depict the section of the adjacent DNA duplexes in the diagram on the right. A polar 
graph in the center shows (with black dots) the angles of the DNA base pairs forming the HhaI 
site with respect to the orientation of the crossover in red (right). The arrow indicates the 5’à3’ 
direction of the staple strand. The blue-filled area in polar graph depicts the position of the major 
groove of the restriction site with respect to the flanking DNA duplexes (grey-filled circles). 
Following our approach, we generated a diagram for each HhaI site as shown 














































Figure 2.15. Diagrams are generated for each HhaI restriction site within the investigated 
triangular DNA origami. In particular, sites 4, 15, 16, and 19 are located on the edge of the DNA 
origami triangle, and in turn their corresponding diagrams lack one dsDNA segment. For each 












pair in the site (dots). According to Figure 2.14E, in each polar graph, an arrow indicates the 5’-
3’ direction of the inherent staple strand, while the grey-filled area indicates the position of the 
major groove of the restriction site with respect to the flanking DNA duplexes. The sites are 
colored in black if inaccessible to HhaI, and in yellow if accessible to the restriction enzyme (see 
Figure 2.10). 
2.4.1 Presence of a crossover junction that overlaps with a restriction site 
The experiments shown in Figures 2.10 and 2.12 demonstrate that all the sites 
that overlap with a crossover junction cannot be cleaved by HhaI, regardless their 
position in the triangular nanostructure (namely sites 10, 11 and 15, as schematically 
shown with diagrams in Figures 2.13 and 2.15). This finding is consistent with former 
studies showing the ability of secondary and tertiary DNA structures to inhibit the site-
specific action of endonucleases [13]. In addition, Lu and co-workers demonstrated that 
nucleotides close to 3 and 4 arms branched DNA motifs inhibit the nuclease activity of 
DNaseI that lack site-specificity [7]. The tertiary structures investigated in their study are 
very similar to crossover junctions present in our DNA nanostructures. We can 
conclude that a site overlapping with a crossover junction is inaccessible, however, 
beyond the crossover itself, also the proximity to the crossover junction could be 
involved in controlling site accessibility. 
2.4.2 Presence of a crossover junction located near a restriction site  
Crossover junctions are essential components of any DNA origami object. 
Consistently with our results discussed above and of others, the presence of such 
tertiary structures in DNA origami is likely to positively contribute to the stability of the 
nucleic acid to the action of endonucleases. In our experiments with the triangular DNA 
origami, however, only 3 restriction sites overlap such a junction. 
In turn, the proximity between a crossover junction and a restriction site may influence 
its reactivity. So, we measured the distance between each site and the nearest 
crossover, termed ∆XOmin and defined in Figure 2.14A, using the diagrams in Figure 
2.15. The use of such value permits to introduce a quantitative criterion for scoring 
restriction sites as a function of their vicinity to a crossover junction as shown on the 
left in Figure 2.16. Because of the periodicity of the internal structure in a DNA origami 
objects, a restriction site is typically located between two crossover junctions (see 
Figures 2.14 and 2.15). For several sites, the inter-crossover distance is 16 nucleotides 
(1.5 helix turns), and thus according to our definition the maximum value of ∆XOmin is 
6 bp. Higher values of ∆XOmin are associated with the presence of larger unit cells 
that are mostly found near the edges of the nanostructure (see Appendix). 
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The two tables in Figure 2.16 show that enzyme-cleavable sites 7, 19, and 16 have 
∆XOmin= 5, 12, and 20 bp, respectively, while if ∆XOmin < 5 bp no sites are 
accessible by the enzyme. 
 
Figure 2.16. Analyzing the effect of the distance of a restriction site to the nearest crossover 
junction along the same DNA segment on the accessibility to HhaI (termed ∆XOmin, see Figure 
2.14A). Two tables on the left list the value of ∆XOmin for all the HhaI restriction sites in the 
triangular DNA origami. Sites located on a nanostructure edge are analyzed separately (on top). 
(left) Selected diagrams showing that site 15 overlaps with a crossover, while sites 7, 20 and 17 
are located near the center of dsDNA duplex segments. The tables show that restriction sites 
can be processed by HhaI enzyme only if ∆XOmin >5 bp. In addition, diagrams for sites 7, 17, 
and 20 suggest that site accessibility depends on the presence of nick within the dsDNA 
segments that flank a restriction site. 






















SITES ON THE EDGE 
INNER SITES 
∆XOmin = 0 nt 
∆XOmin = 5 nt 
Site 15 
Site 7 ∆XOmin = 5 nt 
Site 20 
∆XOmin = 6 nt Site 17 
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In addition, in spite of the similarity of diagrams relative to sites 7, 17, and 20, 
with corresponding ∆XOmin values varying between 5 and 6 bp, only site 7 (∆XOmin= 
5) is cleaved by HhaI enzyme. Figure 2.16 evidences that cleaved sites either located 
on an edge of the nanostructure or flanked by DNA segments provided with nicks, are 
likely to increase the flexibility of the segments. Accessible sites therefore, seem to 
have less physical constrains than the others. In the following paragraph I will address 
this aspect in details.  
2.4.3 Presence and conformation of DNA segments that flank a restriction 
site 
The diagrams in Figure 2.15 show that the investigated HhaI sites are typically 
flanked by at least one 16-bp-long dsDNA segment, each one containing one nick at 
most. A nick is a discontinuity of the phosphate backbone of one of the two strands 
forming a DNA duplex segment, and typically increases the inherent flexibility [30]. In 
turn, with two flanking segments, there are three configurations as depicted in the 
diagrams relative to sites 7, 17, and 20 in Figure 2.16. Here below I introduce a 
convenient labeling method for such configurations that will serve in the analysis of our 
experimental results. The three, adjacent DNA segments (with the restriction site  
located in the central element) can be associated with a state “A | B | C”, in which the 
value of A and C is either “nicked” (N) or duplex (ds), and the value of the B is always 
“site”, as depicted in Figure 2.17A. In turn, sites 7, 17 and 20 correspond to the three 
states N|site|N, N|site|ds, ds|site|ds, respectively. Following this approach, if a site is 
located on a nanostructure edge only two states are defined. These are N|site and 
ds|site and correspond to site 4 and sites 16 or 19, respectively (see Figures 2.15 and 
2.17B).  
Figure 2.17B and C collect the information obtained so far on each restriction site 
in terms of distance from crossover junctions, configuration of the flanking DNA 
segments, and accessibility to HhaI enzyme. The two tables list the results for the sites 
located on an edge (B) and within the nanostructure bulk (C). The table in Figure 2.17C 
shows that in our DNA triangle there are eight sites of ds|site|ds type (with ∆XOmin=1, 
3, 4, and 5 bp), four sites of N|site|N type (with ∆XOmin=1, 4, and 5 bp), and two sites 
of N|site|ds type (with ∆XOmin=3 and 6 bp, respectively). The table clearly shows that 
restriction sites of ds|site|ds type are never cleaved by HhaI enzyme, regardless the 
value of ∆XOmin. In contrast, the only enzyme-accessible restriction sites with ∆XOmin 
≥ 5 bp are either of N|site|N type or are located on a nanostructure edge.  
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Figure 2.17. The conformation of the DNA segments flanking an HhaI site influences 
enzyme action. (A) The dsDNA segments that flank a restriction site are framed in the diagram. 
The segment on top has a nick in the center, while the segment at the bottom is formed by two, 
fully complementary DNA sequences. Such configuration of the restriction site is labeled as “N | 
site | ds”, where “N” and “ds” indicate the nicked dsDNA segment, and the nick-free dsDNA 
segment, respectively. The table in (B) Lists the configuration for each site located on a 
nanostructure edge. The table in (C) groups the other sites in three different configurations, for 
each of which sites are listed in ascending order of ∆XOmin. On the right are shown the 
diagrams of sites 5, 7 and 20. Site 5 and 7 share the configuration of the flanking DNA 
segments but have 1-bp ∆XOmin difference. Sites 7 and 20 have the same ∆XOmin value, but 
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The analysis shown in Figure 2.17 leads to a relatively simple interpretation of 
the experimental results discussed so far. It seems that the HhaI restriction enzyme 
requires that the physical flexibility of the region surrounding a restriction site is higher 
that a certain critical threshold. In fact, the presence of nicks is likely to relax the DNA 
duplexes flanking a restriction site [30,31], thus introducing more space around the site 
and allowing enzyme-DNA binding. Similarly, restriction sites located on a 
nanostructure edge are less constrained than in the bulk. 
In addition, the analysis in Figure 2.17C suggests that in certain cases, simple 
criteria could be used to design DNA nanostructures with predictable accessibility to 
endonucleases. Specifically, for restriction sites flanked by two DNA segments, the 
action of HhaI correlates with the presence of nicks within the site-flanking DNA 
segments, and the distance between the site and the nearest crossover junction 
(∆XOmin). The data shown in Figure 2.17C relative to sites 5, 7, and 20 demonstrate 
that very small structural changes near a restriction site can be reflected by dramatic 
changes on its accessibility (see the diagrams on the right). For instance, site 7 is 
accessible by HhaI although its distance with respect to the adjacent crossover is just a 
single base higher than that of site 5, which is inaccessible to HhaI.  
2.4.4 Presence of nicks near or within a restriction site 
Based on the high sensitivity of the HhaI reaction upon structural constrains in a 
DNA origami, in this section I will examine the effect of the presence of a nick within or 
in proximity to a restriction site. The nick is a lacking phosphodiester bond between two 
consecutive nucleotides in a double helix. The restriction enzyme initially binds its 
cognate site on the dsDNA backbone [27] and crystallographic analysis established that 
the length of the DNA segment involved in protein-DNA interactions with a restriction 
enzyme is slightly longer than in the typical B-DNA form [32]. This indicates mechanical 
stress of the DNA upon enzyme binding. In turn, the presence of a nick could inhibit 
enzyme-DNA complex formation regardless the steric constrains discussed in the 
previous section. In DNA origami objects, nicks are typically generated by couples of 
staple strands binding over consecutive sequences of the scaffold, with one staple 
having its 3’ end next to the 5’ end of the other.  
We designed nine 64-bp-long, nicked DNA duplexes starting from a common 
sequence of 64 nt and shifting the nick along the other strand one base at a time, as 
shown in the representative scheme on top in Figure 2.18A. Each nicked dsDNA 
molecule is formed upon the hybridization of three strands. One strand (the longer, with 
64 nt) is the common scaffold, while the other two strands hybridize over two 
consecutive parts of the scaffolds, whose lengths depend on the position of the nick. 
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The nicked duplexes were formed by incubating the three inherent ssDNA strands at 
equimolar concentration for 1 hour at 37°C. Each molecule was then treated with HhaI 
enzyme for 1 hour at 37˚C, and the reaction products were analyzed with native, 
polyacrylamide gel electrophoresis. For each molecule a control experiment is 
conducted under identical conditions, but lacking the enzyme. As positive control we 
used a nick-free DNA duplex with the same sequence. Figure 2.18A, shows the 
enzyme products of the different molecules indexed from I to IX according to the 
position of the nick (see schematics on top).  
 
 
Figure 2.18. Influence of a nick near or within an HhaI restriction site in a short dsDNA 
molecule. (A) Schematic representation of DNA molecules used in this experiment. Each one 
consists of a nicked DNA duplex, and has the nick in a different position. Two black triangles 
indicate the phosphodiester bonds that are cleaved by HhaI enzyme within the 4-bp-long 
restriction site that is positioned in the center of all the investigated molecules. In this way, we 
studied the effect of the nick in nine positions (Nick I – Nick IX) within a range of 9 bp centered 
within the DNA molecules. The so-formed DNA molecules were incubated with 10 units of HhaI 
for 1 hour at 37˚C and the reaction products were analyzed with electrophoresis in 18% 
polyacrylamide gel. The gel image shows that HhaI successfully digested the restriction site in 
all the configurations, except for Nick V (framed in cyan), in what case the enzyme is fully 
inhibited. The gel also shows incomplete digestion for the configurations termed Nick IV, VII, 
VIII, and IX. (B) Definition of distance between a restriction site and the nearest nick (∆Nick) 
using our diagrams. (C) Table listing all the HhaI restriction sites in the investigated, triangular 
DNA origami, in ascending order of ∆Nick and with ∆Nick ≤6. 
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The results in Figure 2.18A demonstrate that HhaI successfully cleaves its site in 
most cases with a single exception, i.e. when the nick is positioned right in the center 
(experiment V). In this case we define that the distance between the site and the nick is 
∆Nick=0 (see definition in Figure 2.18B). In addition, gel bands compatible with an 
incomplete restriction reaction are found when the nick is near the 3’ end of the site 
(experiments VII, VIII and IX). 
The results shown in Figure 2.18A demonstrates that a nick has a weak influence 
on the action of HhaI. To match these findings with our results on the action of HhaI in 
a triangular DNA origami (shown in Figures 2.10 and 2.12), using our diagrams we 
screened all HhaI sites in the triangle and selected those with a nick in the same 16-
bp-long dsDNA segment (see Figure 2.18B). The selection is listed in Figure 2.18C in 
ascending order of ∆Nick. The table show that none of such restriction sites has 
∆Nick=0. Interestingly, site 19 is accessible to HhaI and has a nick at ∆Nick=2, which is 
consistent with the results shown in Figure 2.18A. These results therefore support the 
conclusion that the presence of nicks near HhaI restriction sites has little direct 










2.5 The effect of flexibility and structural defects in DNA 
origami triangle on the action of HhaI restriction enzyme – a 
study with single-site resolution  
The topographic AFM image in Figure 2.19A shows a rectangular DNA origami 
rolled up on itself. Also, a prediction of the mechanical properties of a DNA origami can 
be achieved with the CanDo software [5], and is illustrated in Figure 2.19B for the 
rectangle. The model predicts the bending of the rectangle from different perspectives. 
These findings suggest that the rectangular DNA origami is a very flexible structure. On 
the other hand, the well-formed triangular DNA origami is always detected by AFM as a 
planar structure on the surface (see Figure 2.3B-D). Figure 2.19D shows the prediction 
of the mechanical properties of the triangular DNA origami computed with Cando [5], 
which show that the triangle is more rigid than the rectangle. Therefore, different 2D 
DNA origami objects can have very different mechanical properties in terms of flexibility 
and rigidity.  
 
Figure 2.19. Mechanical properties of 2D DNA origami objects. (A) Atomic Force microscopy 
image of rectangular DNA origami rolled up on itself. The image was adapted from [15]. (B) 
Prediction of the mechanical behavior computed with Cando for the rectangular DNA origami 
along three different perspectives. (C) Schematic representation of the folding of the DNA 
scaffold into the triangular DNA origami, and the trapezoidal elements TA, TB, and TC. (D) 
Prediction of the mechanical behavior computed with Cando for the triangular DNA origami 
along three different perspectives. 
A 
C 
© 2006 Nature Publishing Group 
 
scaffold and create the periodic crossovers. Staples reverse direction
at these crossovers; thus crossovers are antiparallel, a stable configu-
ration well characterized in DNA nanostructures16. Note that the
crossovers in Fig. 1c are drawn somewhatmisleadingly, in that single-
stranded regions appear to span the inter-helix gap even though the
design leaves no bases unpaired. In the assembled structures, helices
are likely to bend gently to meet at crossovers so that only a single
phosphate from each backbone occurs in the gap (as ref. 16 suggests
for similar structures). Such small-angle bending is not expected to
greatly affect the width of DNA origami (see also Supplementary
Note S2).
Theminimization and balancing of twist strain between crossovers
is complicated by the non-integer number of base pairs per half-turn
(5.25 in standard B-DNA) and the asymmetric nature of the helix (it
has major and minor grooves). Therefore, to balance the strain15
caused by representing 1.5 turns with 16 bp, periodic crossovers are
arranged with a glide symmetry, namely that the minor groove faces
alternating directions in alternating columns of periodic crossovers
(see Fig. 1d, especially cross-sections 1 and 2). Scaffold crossovers are
not balanced in this way. Thus in the fourth step, the twist of scaffold
crossovers is calculated and their position is changed (typically by a
single bp) to minimize strain; staple sequences are recomputed
accordingly. Along seams and some edges the minor groove angle
(1508) places scaffold crossovers in tension with adjacent periodic
crossovers (Fig. 1d, cross-section 2); such situations are left
unchanged.
Wherever two staples meet there is a nick in the backbone. Nicks
occur on the top and bottom faces of the helices, as depicted in
Fig. 1d. In the final step, to give the staples larger binding domains
with the scaffold (in order to achieve higher binding specificity and
higher binding energy which results in higher melting temperatures),
pairs of adjacent staples aremerged across nicks to yield fewer, longer,
staples (Fig. 1e). To strengthen a seam, an additional pattern of
breaks and merges may be imposed to yield staples that cross the
seam; a seam spanned by staples is termed ‘bridged’. The pattern of
merges is not unique; different choices yield different final patterns of
nicks and staples. All merge patterns create the same shape but, as
shown later, the merge pattern dictates the type of grid underlying
any pixel pattern later applied to the shape.
Folding M13mp18 genomic DNA into shapes
To test the method, circular genomic DNA from the virus M13mp18
was chosen as the scaffold. Its naturally single-stranded 7,249-nt
sequence was examined for secondary structure, and a hairpin with a
20-bp stemwas found.Whether staples could bind at this hairpinwas
unknown, so a 73-nt region containing it was avoided. When a linear
scaffold was required, M13mp18 was cut (in the 73-nt region) by
digestion with BsrBI restriction enzyme. While 7,176 nt remained
available for folding, most designs did not fold all 7,176 nt; short
(#25 nt) ‘remainder strands’ were added to complement unused
sequence. In general, a 100-fold excess of 200–250 staple and
remainder strands were mixed with scaffold and annealed from
Figure 2 | DNA origami shapes. Top row, folding paths. a, square;
b, rectangle; c, star; d, disk with three holes; e, triangle with rectangular
domains; f, sharp triangle with trapezoidal domains and bridges between
them (red lines in inset). Dangling curves and loops represent unfolded
sequence. Second row from top, diagrams showing the bend of helices at
crossovers (where helices touch) and away from crossovers (where helices
bend apart). Colour indicates the base-pair index along the folding path; red
is the 1st base, purple the 7,000th. Bottom two rows, AFM images. White
lines and arrows indicate blunt-end stacking. White brackets in a mark the
height of an unstretched square and that of a square stretched vertically (by a
factor.1.5) into an hourglass. White features in f are hairpins; the triangle
is labelled as in Fig. 3k but lies face down. All images and panels without scale
bars are the same size, 165 nm £ 165 nm. Scale bars for lower AFM images:
b, 1 mm; c–f, 100 nm.
















Figure 2.19C shows that the triangular DNA origami is comprised of three 
trapezia joined together (termed TA, TB and TC, see Figure 2.19C). If we damage by 
design the integrity of one of the axis, it is likely that entire structure becomes less rigid. 
The inset in Figure 2.20 shows the molecular design of a hole in TA. The defect was 
created with a size that should be small enough to not affect the formation of the DNA 
origami objects. The defect is located right on the middle area of such trapezium and is 
obtained by removing few staples from the pool used to self-assemble the triangular 
DNA origami. The defect was designed not to subtract staples that are involved in the 
formation of HhaI restriction sites. With the same approach, we generated three 
triangular DNA origami variants, each one having a defect in a single trapezium of the 
three available. In addition, we followed the approach adopted in the previous 
experiments, by which we generated a number of fully formed, triangular DNA origami 
with a single, active HhaI site per structure. Figure 2.20 depicts a triangular DNA 
origami with a single active site in TB along with the structural defect in TA. Since the 
spatial position of the hole can be varied within the triangular shape, we expect this 
combined approach will allow exploring how the global mechanical properties of a DNA 




Figure 2.20. Experimental approach used to probe sites accessibility within a triangular DNA 
origami provided with a major structural defect. On the left, it is shown schematically the 
triangular DNA origami with a defect on the trapezium A (TA), and with and an active HhaI site 
(site 7) in trapezium B (TB). The inset on the right shows that the defect in TA is generated by 
removial of 4 staples, none of which is involved in the formation of the restriction site as evident 














The triangular DNA origami variants were synthetized and purified as described above 
(see Methods). The purified DNA origami objects were incubated with HhaI enzyme for 
1 hour at 37˚C. The reacted DNA origami objects were melted by a thermal treatment, 
and the scaffold fragments were analyzed with agarose gel electrophoresis as 
previously described (see Methods). Figure 2.21 shows the obtained results with the 
structural modification localized in trapezium A (TA). Gel analysis at the bottom shows 
that only sites 4, 7, 8, 12, 16 and 19 are consistently found digested (see both gels), 
and their position in the triangle is shown in the schematics on top. Figure 2.22 shows 
the results of the experiments performed with the structural defect in trapezium B (TB). 
Gel analysis at the bottom shows that only sites 4, 7, 8, 12, 16 and 19 are consistently 
found digested (see both gels), and their position in the triangle is shown in the 
schematics on top. The patterns of enzyme-accessible sites coincide if the hole is in 
TA or TB. Figure 2.23 shows the results of the experiments performed with the 
structural defect in trapezium C (TC). Gel analysis at the bottom shows that only sites 
7, 8, 12, 13, 16 and 19 are consistently found digested (see both gels), and their 
position in the triangle is shown in the schematics on top. The TC-modified, triangular 
DNA origami provides a slightly different pattern of sites accessibility with respect to 
TA- and TB-modified triangles. 
The table in Figure 2.24 collects the results illustrated in Figures 2.21-23 
regarding HhaI sites accessibility as a function of the position of the structural defect in 
the triangular DNA origami. The number of restriction sites that are cleaved by HhaI in 
this experiment is always higher than in the unmodified triangle (shown in Figure 2.10). 
Sites 7, 16 and 19 that are already accessible in the unmodified triangular DNA origami 
remain accessible in the presence of the holes. Sites 4, 8, 12 and 13, however, are 
turned-on by the presence of a hole as detailed in the table in Figure 2.24. Likely, a 
triangular DNA origami objects carrying a major structural defect is more flexible then 
without. Therefore, the results collected in the table of Figure 2.24 suggest that the 
higher the flexibility of a DNA origami object, the higher is the number of inherently 
accessible restriction sites. 
Furthermore, the table in Figure 2.24 allows the analysis of the relationship 
between the location of turned-on sites and the location of the hole. Site 8 and 12 are 
located on the TB, and TA respectively, are both turned-off in the unmodified triangle, 
and are always turned-on for all modified triangles investigated in Figures 2.21-23. 
Surprisingly, the response of sites 8 and 12 is independent on their location in the 





Figure 2.21. HhaI site accessibility within triangular DNA origami with modified trapezium A 
(TA). A schematic representation of the TA-modified, triangle is shown on top. The “hole” is 
highlighted in cyan. The yellow-filled circles depict the accessible sites (see gels below), while 
the black-filled circles depict the enzyme-inaccessible sites. Two gels at the bottom show the 
result of the HhaI enzymatic reaction with TA-modified triangular DNA origami objects, which 
have a single active HhaI site (for sites 1-20). The modified triangular DNA origami objects were 
incubated for 1 hour, at 37˚C with 10 units of HhaI. After the reaction, the nanostructures were 
melted and the DNA scaffold fragments were analyzed in 1% agarose gel electrophoresis. 











Figure 2.22. HhaI site accessibility within triangular DNA origami with modified trapezium B 
(TB). A schematic representation of the TB-modified, triangle is shown on top. The “hole” is 
highlighted in cyan. The yellow-filled circles depict the accessible sites (see gels below), while 
the black-filled circles depict the enzyme-inaccessible sites. Two gels at the bottom show the 
result of the HhaI enzymatic reaction with TB-modified triangular DNA origami objects, which 
have a single active HhaI site (for sites 1-20). The modified triangular DNA origami objects were 
incubated for 1 hour, at 37˚C with 10 units of HhaI. After the reaction, the nanostructures were 
melted and the DNA scaffold fragments were analyzed in 1% agarose gel electrophoresis. 
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Figure 2.23. HhaI site accessibility within triangular DNA origami with modified trapezium C 
(TC). A schematic representation of the TC-modified, triangle is shown on top. The “hole” is 
highlighted in cyan. The yellow-filled circles depict the accessible sites (see gels below), while 
the black-filled circles depict the enzyme-inaccessible sites. Two gels at the bottom show the 
result of the HhaI enzymatic reaction with TC-modified triangular DNA origami objects, which 
have a single active HhaI site (for sites 1-20). The modified triangular DNA origami objects were 
incubated for 1 hour, at 37˚C with 10 units of HhaI. After the reaction, the nanostructures were 












In contrast, sites 4, and 13 are located on TC, and TA respectively, are both turned-off 
in the unmodified triangle, and turn on in the TA- or TB-modified triangle, and TC-
modified triangle, respectively. Also in this case, site activation does not require spatial 
vicinity between restriction site and structural defect (i.e. the hole in the trapezium). 
Moreover, Figure 2.24 demonstrates that the distance between such a hole and the 
consequentially turned-on sites varies from a few nanometers to several tens of 
nanometers. The triangle in Figure 2.24 shows that turned-on sites tend to accumulate 
within two regions (highlighted in yellow) over TB and TA, and near two major 
junctions. The latter are the edges of hemi-trapezoidal DNA tiles and likely introduce 
higher flexibility. Interestingly, however, several sites in proximity to structural defects 
in TA, TB, and TC remain turned-off in all the experiments. 
 
 
Figure 2.24. The flexibility of a 2D DNA origami affects site accessibility to HhaI enzyme. On 
the left, the table displays the accessibility of HhaI sites within the triangular DNA origami in 
native form (T) and with a structural modification in trapezium A (TA), trapezium B (TB) or 
trapezium C (TC). Accessible sites are indicated as yellow-filled circles, while inaccessible site 
are indicated with black-filled circles. On the right, the schematic, triangular DNA origami carries 
a map of the HhaI sites. Sites that always turned-on are indicated with yellow-filled circles; sites 
that are turned-on in presence of a hole in any of the trapezia are indicated with yellow/black-
filled circles. The blue arrows highlight the axes that follow the junctions between trapezia. In 
yellow is highlighted the areas in which turned-on sites accumulate. 
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In addition, we note that, depending on the position of the site between two 
consecutive crossovers, the major and minor grooves of a restriction site are differently 
exposed on the surface of the DNA nanostructure, as described in Figure 2.14E. For 
instance, the major groove of site 7 faces to the flanking DNA segments, and is 
systematically cleaved by HhaI enzyme. In addition, the width of the unit cells 
neighboring a site could influence the flexibility and the steric hindrance of the DNA 
duplexes in the vicinity, and in turn affect site accessibility. Figure 2.25 combines the 
results shown in Figure 2.24 with the characteristics of the restriction sites according to 
our analysis, and in particular in terms of 1) the configuration of the site-flanking DNA 
segments (as shown in Figure 2.17), 2) the width of the unit cell that contains the 
restriction site (as defined in Figure 2.14), and 3) the orientation of the base pairs in the 
restriction site with respect to the nanostructure surface (as defined in Figure 2.14). 
The table in Figure 2.25 shows that HhaI enzyme can cleave restriction sites 
regardless their orientation, as well as the width of the inherent unit cell. A striking 
aspect that emerges in Figure 2.25 is a strong correlation between the configurations 
of the site-flanking DNA segments and the accessibility of the inherent sites. In fact, six 
of the seven sites that were found to be cleavable by HhaI enzyme in at least one of 
the investigated modified triangles are of N|site|N type (see also Figure 2.17), or are 
located on a nanostructure edge. In addition, from the tables shown in Figures 2.17, 
2.24, and 2.25, it emerges that a restriction site is consistently cleaved by HhaI enzyme 
in all the investigated triangular nanostructures only if sufficiently distant from the 
adjacent crossovers (i.e. ∆XOmin ≥ 5 bp, according to Figure 2.17). With such an 
interpretation, however, the behavior of site 8 is not clear. In fact, this site is turned-on 
by the presence of any of the structural defects in the trapezia (TA, TB, and TC) 
although according to our model it should be highly constrained because it is of 
ds|site|ds type and has ∆XOmin = 3 bp. 
In conclusion, the results shown in Figures 2.21-25 strongly suggest that the 
ability of HhaI restriction enzyme to access and process a restriction site in a 2D DNA 
origami depends upon the mechanical flexibility of DNA near the site, which can 




Figure 2.25. Towards a rationalization of the action of endonucleases on 2D DNA origami 
objects. On the left, the table displays the accessibility of HhaI sites within the triangular DNA 
origami in the native form (T) and with a structural modification in trapezium A (TA), trapezium B 
(TB) or trapezium C (TC). Accessible sites are indicated with yellow-filled circles, while 
inaccessible sites are indicated with black-filled circles. The other columns list several site-
specific parameters derived from the diagrams in Figure 2.15, including the width of the smallest 
unit cell containing the site and the configuration of the dsDNA segments adjacent to the site. 
On the right, the polar graphs show that the sites that are accessible to HhaI enzyme in the 
defective triangular DNA origami are found with different orientations. The yellow dots indicate 
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2.6 The action of Hin1II restriction enzyme in the DNA origami 
triangle – a study with single-site resolution 
A complex aspect of this study is in the fact that type II restriction enzymes recognize 
and cleave DNA sequences with very high specificity involving different mechanisms of 
DNA recognition and of DNA processing [12,32,33]. In the previous sections, we identified 
major structural factors that influence the action of HhaI restriction enzyme in the 
triangular DNA origami. These factors however may reflect the specific reaction 
mechanism of HhaI enzyme. This investigated enzyme however processes a 4-bp-long 
restriction site as the majority of type II restriction enzymes, and, in addition, the results 
in Figure 2.4 shows that the DNA origami objects scaffold fragments generated by 
HhaI are in the same range of those produced by most of the investigated enzymes. In 
turn, we applied our experimental and analytical approaches to study the action of 
another restriction enzyme, namely Hin1II, on the DNA triangle. Figure 2.5 (ssDNA 
cleavage) showed that both HhaI and Hin1II enzymes have high specificity for 
restriction sites in the dsDNA form. As discussed in the previous sections, this aspect 
is essential for the implementation of our experimental approach aimed at studying the 
enzyme-accessibility of restriction sites within DNA origami objects with single-site 
resolution.  
Figure 2.26A schematically shows the triangular DNA origami with its Hin1II sites 
indexed in ascending order from 5’ to 3’ according to the rule depicted in Figure 2.7. 
Also, the map shows that there are 15 Hin1II sites inside the triangle. To probe their 
accessibility with single site resolution, for each of such sites we generated a modified 
triangle in which all but one the inherent Hin1II sites are turned-off. This operation was 
achieved by using staple strands containing the sequence 5’-CGCG-3’ that hybridizes 
to the Hin1II site 5’-CATG-3’ in the scaffold. Figure 2.26B schematically depicts a 
modified triangle in which the 6th site is the only active site that can be recognized by 
Hin1II. The external loop on the triangle investigated so far (hereafter termed “loop 1”) 
does not contain any Hin1II site that can serve for reference. The DNA origami 
technology, however, allows shifting the scaffold sequence along its folding path within 
the object by opportunely changing the set of staples utilized. This, in turn, offers a 
simple solution to our problem. We introduced an additional loop (hereafter termed 
“loop 2”) that contains an always on Hin1II site as shown in Figure 2.26A and B. Here, 
loop 2 is formed by a 50 nt sequence of the scaffold, protrudes from the surface of the 
triangle, and includes site 15 in its center (see Figure 2.26C). In contrast, loop 1 is 50 
nt shorter than in the unmodified triangle. In addition, such solution is most convenient. 
In fact, site 15 is nearest to loop 1 in the unmodified triangle (see Figure  2.25C), and in 
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turn, to pull site 15 outside the nanostructure, we had to recalculate the sequences of 
only twelve staples and add a DNA strand that hybridizes to site 15 within loop 2. Of 
note, the modified nanostructure is equivalent to the unmodified version, except that 
site 15 overlaps with a crossover junction (see the inset in Figure 2.26A), and therefore 
would be highly unlikely accessible to Hin1II.  
 
 
Figure 2.26. Designing a strategy to probe accessibility of Hin1II sites within the triangular DNA 
origami. (A) Schematically Hin1II sites superimposed on triangular DNA origami. The inset at 
the bottom shows a DNA origami design near site 15 (highlighted in magenta). (B) Schematics 
of an example of modified triangular DNA origami with site 6 being the only activated. Here is 
also shown a newly designed loop 2 that protrudes from the nanostructure surface and contains 
a reference, active site. (C) Schematic representation of loop 2 that is obtained by shifting a 50-
nt-long segment of scaffold from loop 1 into the triangle, and pulling a segment of the same 
length in the indicated position. The scaffold shift was designed in order to move site 15 in the 
newly formed structure. Since it protrudes from the structure the inherent Hin1II site becomes 
enzyme-accessible. 
 
The modified triangular DNA origami objects were synthetized and purified with 
established protocols (see Methods). The purified triangles were incubated with for 1 





reacted triangles were then melted with a thermal treatment, and the scaffold 
fragments were analyzed with agarose gel electrophoresis as previously described (se 
Methods). The gel analysis in Figure 2.27 shows that only the site 7 was accessible in 
our modified triangle. The position of site 7 in the triangle is shown schematically on 
the right along the positions of all the other (inaccessible) sites. 
 
 
Figure 2.27. Probing site accessibility for Hin1II within the triangular DNA origami, and with 
single site resolution. DNA origami objects were incubated with 10 units of Hin1II for 1 hour and 
at 37˚C. After the reaction the DNA origami objects were melted and the obtained scaffold 
fragments were analyzed with 1% agarose gel electrophoresis (left). The gel shows that Hin1II 
cleaves only site 7. On the right, the accessibility and the position of all the Hin1II sites is 
schematically shown in the triangle. 
 
Figure 2.28B illustrates schematically the structure surrounding the site 7, which 
is the only accessible site for Hin1II in triangular DNA origami. For each Hin1II site, the 
table in Figure 2.28A displays the relative parameters obtained with our analysis. Site 7 
is of N|site|N type, has ∆XOmin = 4 bp and is located within a unit cell of 32 bp in 
width. According to our results for HhaI, Hin1II enzyme needs that the DNA structure 
near a restriction site is relatively flexible. In fact, all sites of ds|site|ds or ds|site|N types 
are found to be enzyme-inaccessible. The only exception is site 14 that is clearly 
inaccessible to Hin1II although, according to our analysis, it is very similar to site 7. 
Evident differences between these two sites are the distance from the crossover 
junctions that is 1 bp higher for site 14 (see Figure 2.28B), and the orientation of the 
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Figure 2.28. Analyzing the results of Hin1II action on triangular DNA origami. (A) For each 
Hin1II site, the table lists the distance between the site and the nearest crossover junction 
(∆XOmin, as defined in Figure 2.14A), the conformation of the site-flanking DNA segments 
(modeled as A | site | B, as defined in Figure 2.14C), and the width of the smallest unit cell 
containing the site (see Figure 2.14D) as obtained from diagrams similar to those shown in 
Figure 2.15 for HhaI. Two examples are shown in (B) for sites 7 and 14, respectively. (C) Polar 
graphs for sites 7 and 14 according Figure 2.14E. Here, the circles are the nucleotides of the 
site on the staple, and an arrow indicates its 5’à3’ direction. The accessible site is depicted in 
yellow and the inaccessible site is depicted in black. 
 
1 overlap - 32 no
2 4 N|site|ds 16 no
3 0 site|ds 16 no
4 overlap - 32 no
5 2 ds|site 27 no
6 3 N|site|N 16 no
7 4 N|site|N 32 yes
8 1 ds|site|N 32 no
9 6 ds|site|N 32 no
10 1 ds|site|ds 32 no
11 3 N|site|ds 32 no
12 2 ds|site|ds 32 no
13 3 ds|site|ds 27 no
14 6 N|site|N 32 no
AccessibilitySite Adjacent DNA segments conformation
∆XOmin 
(nt)















In conclusion, from our comparative analysis of the behavior of HhaI and Hin1II 
with triangular DNA origami, it emerges that the results obtained for the two enzymes 
are in good agreement. Our results strongly suggest that several structural properties 
of DNA nanostructures concur to determine the accessibility of a DNA sequence to an 
endonuclease. In particular, in the triangles, most relevant factors are the distance 
between a restriction site and the adjacent crossover junctions, and the presence and 
conformation of site-flanking DNA segments. For both enzymes, the accessible sites 
share the presence of nicks in such flanking DNA segments. These and the other 
observations discussed in this chapter are consistent with our interpretation that the 
DNA rigidity inhibits enzyme action, and, conversely, enzyme-accessible sites are 
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Recent studies already reported on the enhanced stability of DNA origami objects 
of different shapes against different nucleases, in purified solutions and in complex 
biological mixture. There is, however, a lack of information on the structural factors that 
determine enzymatic reactions in such highly dense DNA nanostructures.  
In this PhD work, I have carried out an unprecedented investigation of the action 
of >10 type II restriction enzymes on two-dimensional DNA origami objects. For two 
enzymes in particular (HhaI and Hin1II) we mapped their action with single-site 
resolution using gel electrophoresis analysis of the enzyme-generated fragments of 
DNA molecules contained in the nanostructures.  
We found the action of such restriction enzymes can be spatially controlled on 
the nanostructures in a digital fashion, in the sense that the reaction is either fully 
inhibited or allowed to proceed with high efficiency. Our results strongly suggest that 
several structural properties of DNA nanostructures concur to determine such an 
unprecedented behavior. In particular, in the investigated nanosystems, the most 
relevant factors are (i) the distance between a restriction site and the adjacent 
crossover junctions, and (ii) the presence and conformation of site-flanking DNA 
segments. For both enzymes, the accessible sites share the presence of nicks in such 
flanking DNA segments. These and the other observations detailed and discussed in 
this thesis are consistent with our interpretation that DNA rigidity within a DNA 
nanostructure is mostly responsible for such spatially controlled enzyme inhibition. 
We plan to use a two-dimensional DNA origami object as a nanochips for 
detecting short nucleic acids such as micro (mi)RNA, as captured with a probe 
protruding from the nanochip surface. Following previous results of our group on 
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surface-bound nucleic acids monolayers, we plan to use an ancillary, HhaI restriction 
enzyme for site-specifically imprinting the presence of captured miRNAs on the DNA 
origami scaffold, in solution. With such detection approach, the nanochip serves as a 
matrix for imprinting and storing biological information that is present in the probed 
sample. In addition, the control over the nanochip stability against nucleases allows 
applying such detection approach directly in aggressive environments, as can be the 
cell lysate, inside that biomolecules as miRNAs are subjected to alterations of their 
content due to its rapid degradation. 
The results of this thesis are essential towards developing the imprinting-based 
sensor described above. In particular, we plan to modify two staples near one 
restriction site. In turn, two ssDNA overhangs will be bridged only upon target binding, 
thus leading to the formation of a double helix segment, which will cover the surface of 
the restriction site, thus protecting it from the action of the enzyme. Another (control) 
site will be located within an unstructured region of the DNA nanochips, as to have 
maximum accessibility. Successful enzymatic reaction on both sites (i.e. no target 
present on the DNA nanochips’ surface during the enzyme reaction) will lead, after 
melting the DNA self-assemblies, to the formation of two distinct fragments of the 
scaffold. On the contrarily, in the case that a copy of the target binds to the DNA 
nanochips, the scaffold will be enzyme-cleaved over a single site, and thus linearized. 
In this way, we plan to quantify miRNA targets by measuring the molar ratio between 













4.1 Design of DNA origami objects 
We used Cadnano 1.0 software [1] that was downloaded from http://cadnano.org, to 
generate and reproduce the design of the triangular and rectangular DNA origami 
published by Rothemund P.W.K. [2]. Next, we populated the scaffold path with template 
sequence (showed in Appendix) that allows the software providing the complementary 
sequences of staples. 
From Cadnano we obtained an .svg file that shows the schematic representation of the 
design with scaffold sequence (blue) and staple sequences (multi-color). The .svg file 
was converted in a .pdf file with Adobe Illustrator 
(http://www.adobe.com/it/products/illustrator.html). We generated modified .pdf files 
that show the sites positions for each investigated enzyme on triangular and 
rectangular DNA origami schemes (see Appendix). The restriction sites were mapped 
by highlighting them (yellow) on the design schemes by using the find and the 
highlighting text tools of Adobe Acrobat Reader 
(https://acrobat.adobe.com/it/it/products/pdf-reader.html). 
With Cando[3] we generated the molecular views of tiles of the DNA origami. The 
procedure consists in submitting the structure design generated with Cadnano to the 
online Cando website (http://cando-dna-origami.org), and therefore we obtained the 
.pdb file that we manipulated and viewed with rendering software Chimera 
(https://www.cgl.ucsf.edu/chimera/).  
4.2 Design of staple with mutant site 
We identified the staples containing a site for HhaI or Hin1II on the scheme of the 
triangular DNA origami that highlight their sites shown in appendix. The complete 
sequence of identified staples was obtained by searching in the list of staples of the 
triangle (staples names are highlighted in bold) a short piece of their sequences copied 
from the scheme. The staple sequences were mutated within the site sequence, for 
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HhaI the site was mutated from 5’-GCGC-3’ to 5’-GATC-3’, while for Hin1II the site was 
mutated from 5’-CATG-3’ to 5’-CCGG-3’. The modified sequences are showed in 
appendix. 
4.3 Design of the modified version of the loop 
To implement the approach for studying Hin1II sites accessibility at single-site 
resolution within the triangle we created a second loop that was termed loop 2 (see 
Figure 2.26). To do so, we modified the DNA scaffold sequence of the triangle that is 
shown in appendix by removing 50 nt between the positions 6818 and 6868. The 
sequence that was removed will form the loop 2 sequence that contains the Hin1II 15th 
site as showed below: 
5’-GCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGCAATGGCTG-3’	
The modified scaffold sequence that was obtained is shown in appendix. This 
sequence was used to populate the design of the unmodified triangular DNA origami in 
Cadnano, permitting to recalculate the sequence of the 12 staples complementary to 
the region with shifted scaffold, which are shown in appendix.  
4.4 Reagents 
Circular single-stranded M13mp18 DNA (M13 ssDNA), circular double-stranded 
M13mp18 DNA (M13 dsDNA), and DpnII, BamHI, HaeIII, NlaIII and HypCH4IV 
enzymes were purchased from New England Biolabs, Ipswich, USA. 
NiCl2, Tris, MgCl2, PEG8000, EDTA, NaCl, HCl, NaOH, DNaseI enzyme, CaCl2, 
Glycerol, Calf Thymus DNA, Agarose, Glacial acetic acid, Boric acid and Urea were 
purchased from Sigma-Aldrich, Saint Louis, Missouri, USA. 
GeneRuler 1 kb Plus DNA Ladder, TriTrack DNA Loading Dye (6X), Acrylamide: Bis-
Acrylamide 29:1 40% solution, AluI, BsuRI, DraI, Hin1II, HhaI, MspI and RsaI enzymes 
were purchased from Thermo Fisher Scientific, Waltham, Massachusetts, USA. 
DNA Molecular Weight Marker IV was purchased from Hoffmann-La Roche AG, Basel, 
Switzerland. 
MICA (clear ruby muscovite) was purchased from Mica Corporation, New York, USA. 
DNA oligonucleotides that served as staple strands or other complementary strands 
were purchased unpurified from Sigma-Aldrich, Saint Louis, Missouri, USA or 





4.5 Assembly of DNA origami objects 
We followed the protocol published by Rothemund P.W.K. [2]. For assembling the 
desired DNA origami object the specific pool of staples strands and the complementary 
strands were mixed with M13 ssDNA, at final concentrations of 50 nM and 10 nM or 
100 nM and 20 nM, respectively, to a final volume of 50 µL in 40 mM Tris at pH 8.5 and 
12.5 mM MgCl2. The self-assembly of the structures was performed by heating the 
reaction solution at 95˚C for 3 minutes, than decreasing the temperature from 95˚C to 
20˚C at a rate of 1˚C/minute in a thermal cycler (Bio-rad, Hercules, California, USA). 
4.6 Purification of DNA origami objects 
We followed the protocol published by Stahl and co-workers[4]. The self-assembled 
DNA nanostructures were mixed 1:1 (v/v) with the precipitation solution that contains 
15% PEG8000 (w/v), 5 mM Tris, 1 mM EDTA and 500 mM NaCl. The obtained solution 
is mixed by inversion and centrifuged at 16’000 g for 25 minutes at 4˚C with table top 
microcentrifuge (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The 
supernatant was removed using a micropipette. The pellet was resuspended with a 
solution that contains 40 mM Tris at pH 8.5 with a volume equivalent to the initial 
solution of DNA origami for  ~14 hours at RT. 
4.7 DNaseI reactions 
DNaseI enzyme was dissolved in solution containing 10 mM Tris-HCl at pH 7.5, 10 mM 
CaCl2, 10 mM MgCl2 and 50% Glycerol (v/v). Calf Thymus DNA was dissolved in TE 
1X solution to final concentration of 1 mg/mL. The enzymatic reaction solution contains 
3.76 µg of triangular DNA origami or 40 µg of Calf thymus DNA or 10 µg of M13 
ssDNA, and DNAseI enzymatic units was added according to the experiment in Figure 
2.1, in a volume of 50 µL in 10 mM Tris-HCl at pH 7.5, 2.5 mM MgCl2, 0.1 mM CaCl2. 
The reaction was incubated at 37˚C for 30 minutes in water bath (Julabo GmbH,	
Seelbach, Germany) and the reaction was stopped with 10 µL of 500 mM EDTA at pH 
8.5. 
4.8 Restriction enzymes reactions 
The reaction mixture contains 5 nM of the purified DNA nanostructures or of M13 
ssDNA or of M13 dsDNA, 10 units of enzyme, in Tango Buffer for enzymes obtained 
from Thermo-Fisher Scientific or in CutSmart Buffer for enzymes obtained from New 
England Biolabs to a final volume of 50 µL. The reaction was incubated at 37˚C for 1 
hour or indicated times in kinetics experiments in water bath (Julabo GmbH,	Seelbach, 
Germany) and was stopped with 20 minutes incubation at -80˚C. 
		 107 
4.9 HhaI reactions on DNA with nick 
For annealing the desired DNA duplex with the specific nick position the appropriate 
combination of DNA strands (see Appendix) were mixed to a final concentration of 1 
µM, in 25 µL in 40 mM Tris at pH 8.5 and 12.5 mM MgCl2 and was incubated with a 
thermocyler. The solution was subjected to a thermal treatment from 80˚C to 20˚C by a 
decrease temperature rate -1˚C/30 sec. 
The enzymatic reaction was performed in solution that contains 100 nM of annealed 
DNA, 10 units of HhaI enzyme in Tango Buffer to a final volume of 50 µL. The solution 
was incubated for 1 hour at 37˚C in water bath. The reaction was stopped by placing 
the reaction in ice and adding the TriTrack loading Buffer. 
4.10 Analysis of enzymatic reaction products 
For the analysis of DNA sample in native conditions, the DNA sample was added to 
TriTrack DNA Loading Dye and was loaded on 1% agarose gel in TAE 1X or on 18% 
polyacrylamide gel and electrophoresed at 80V or 100V and 10 mA, respectively.  
For the analysis of DNA sample in denaturing conditions, the DNA sample was added 
to TriTrack DNA Loading Dye and was subject to a thermal shock treatment incubating 
the sample at 95˚C for 3 minutes in a thermal cycler and then immediately placing the 
sample in ice for at least 5 minutes. The denatured sample was loaded on 1% agarose 
gel in TAE 1X and electrophoresed at 60V or 80V, or in 4% polyacrylamide gel in urea 
8M and TBE 1X and electrophoresed at 10 mA.  
The nanoscopic characterization of DNA nanostructures was done with Atomic Force 
Microscope MF3PD (Asylum research, Santa Barbara, USA) and using Tip BL-
AC40TS-C2 (Olympus, Tokyo, Japan) with resonance frequency of ~110 kHz and of 
spring constant 0.09 N/m. The sample was prepared by a solution that contains 0.33 
nM of purified DNA origami in 10 mM NiCl2, 40 mM Tris at pH 8.5 and 12.5 mM MgCl2 
to a final volume of 30 µL. The 30 µL of the sample was dropped on freshly cleaved 
MICA and incubated for 10 minutes. Next, the MICA was washed very gently with 
distilled water (18.2 MΩ) and was positioned under AFM and was added with 100 µL of 
solution containing 40 mM Tris at pH 8.5 and 12.5 mM MgCl2. The imaging was 









4.11 Bibliography of Chap. 3 
1. Douglas, S. M. et al. Rapid prototyping of 3D DNA-origami shapes with 
caDNAno. Nucleic Acids Res. 37, 5001–5006 (2009). 
2. Rothemund, P. W. K. Folding DNA to create nanoscale shapes and patterns. 
Nature 440, 297–302 (2006). 
3. Pan, K. et al. Lattice-free prediction of three-dimensional structure of 
programmed DNA assemblies. Nat. Commun. 5, 5578 (2014). 
4. Stahl, E., Martin, T. G., Praetorius, F. & Dietz, H. Facile and Scalable 
































































































































































































































































































A6 ccggaacccagaatggaaagcgcaacatggct  (HhaI) and (Hin1II) 
A7 aaagacaacattttcggtcatagccaaaatca 
A8 gacgggagaattaactcggaataagtttatttccagcgct  (HhaI) 
A9 gataagtgccgtcgagctgaaacatgaaagtatacaggag  (Hin1II) 
A10 tgtactggggatcttcattaaagcagagccac 






































A49 agcatgtatttcatcgtaggaatcaaacgattttttgttt (Hin1II) 
A50 acatagcgctgtaaatcgtcgctattcatttcaattacct 
A51 gttaaatacaatcgcaagacaaagccttgaaa 
A52 cccatcctcgccaacatgtaatttaataaggc  (Hin1II) 
		








A61 gcgcctgttattctaagaacgcgattccagagcctaattt (HhaI) 
A62 tcagctaaaaaaggtaaagtaatt 



























B25 taaagctatgtaacagttgattcccatttttg  (Hin1II) 
B26 cggatggcacgagaatgaccataatcgtttaccagacgac 




B31 aaagaagttttgccagcataaatattcattgactcaacatgtt  (Hin1II) 
B32 aatactgcggaatcgtagggggtaatagtaaaatgtttagact 
B33 agggatagctcagagccaccaccccatgtcaa (Hin1II) 
B34 caacagtttatggggttttgctaatcaaaagg 
B35 ggccgcttcgctgaggcttgcagggaaaaggt 





















B56 accaagcgcaggcgcataggctggagaactggctcattat (HhaI) 
B57 tcgaggtgaggctccaaaaggagc 



















































C43 acgttgtattccggcaccgcttctggcgcatc  (HhaI) 
C44 ccagggtggctcgaattcgtaatccagtcacg 
C45 tagagcttgacggggagttgcagcaagcggtcattgggcg (HhaI) 
C46 gttaaaattcgcgttaatgtgagcgagtaacatacgttgg 
C47 tgtagatgggtgccggaaaccaggaacgccag 
C48 ggttttccatggtcatagctgtttgagaggcg (Hin1II) 
C49 gtttgcgtcacgctggtttgccccaagggagcccccgatt 
C50 ggataggtacccgtcggattctcctaaacgttaatatttt 
C51 agttgggtcaaagcgccattcgccccgtaatg  (HhaI) 
C52 cgcgcgggcctgtgtgaaattgttggcgatta (HhaI) 
C53 ctaaatcggaaccctaagcaggcgaaaatccttcggccaa 

























Sequences of staples for the rectangle. 
Rect_1              tcacgttgaaaatctcgcgaataataattttt 
Rect_2              aggaagtttccattaataaagactttttcatg 
Rect_3              caggcgcataggctggtgaacggtgtacagac 
Rect_4              ggtagaaagattcatcgaacaacattattaca 
Rect_5              tgaccataaatcaaaagttcagaaaacgagaa 
Rect_6              gtgtctggaagtttcaatgcaactaaagtacg 
Rect_7              ttttgcgggagaagcctatgaccctgtaatac 
Rect_8              gtcaatcatatgtaccatcgtaaaactagcat 






































































































































































































































































































Sequences that are used for the experiment of the nick effect on HhaI enzymatic 
activity. 
 








































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site
















































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site



























∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site








































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site

















































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site






































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site














































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site









































∗: cleavage affected by CpG methylation
#: cleavage affected by other methylation
(enz. name): ambiguous site
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dG = -23.47 loop 
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